
















The Dissertation Committee for Rosario Vasquez Scheerhorn certifies that 
this is the approved version of the following dissertation: 
 
 
REGIONAL GEOCHEMICAL STUDY OF THE WESTERN 
INTERIOR PLAINS AQUIFER SYSTEM AND THE GREAT PLAINS 








Jay L. Banner, Supervisor 




REGIONAL GEOCHEMICAL STUDY OF THE WESTERN 
INTERIOR PLAINS AQUIFER SYSTEM AND THE GREAT PLAINS 









Presented to the Faculty of the Graduate School of  
The University of Texas at Austin 
in Partial Fulfillment  
of the Requirements 
for the Degree of  
 
Doctor of Philosophy 
 
 

















I am grateful to my supervisor, Jay L. Banner, for all his support 
throughout these many years.  Committee members, Jack Sharp, Alicia 
Wilson, Alan Dutton and Libby Stern provided me with insightful comments 
and questions.   
Many individuals have contributed significantly both in the field and 
in the lab.  I am thankful to Lance Christian and Jeff Scheerhorn for their 
help in the field.  To Marylynn Musgrove for her help in the lab, with my 
paperwork, and support all this many years.  I want to thank Larry Mack for 
his help with the strontium isotopic analysis and mass spectrometry.   
I am grateful to numerous oil and gas companies, City of Hays, cattle 
feeder companies, Sunflower Electric Power Plant, City of Leoti, and United 
States Air Force Base in Scotts Bluff Nebraska, for allowing us to sample 
their oil and water wells.  Additionally, we want to thank Lance Christian 
and Jeff Scheerhorn for their help in the field.   
 I have been blessed with the support of my friends and my family.  I 
want  to specially thank my husband, Jeff, for helping me get through this 
process and supporting me all this years.   
  
 vi
REGIONAL GEOCHEMICAL STUDY OF THE 
WESTERN INTERIOR PLAINS AQUIFER SYSTEM AND THE 
GREAT PLAINS AQUIFER SYSTEM IN THE MID-





Rosario Vasquez Scheerhorn, Ph. D 
The University of Texas at Austin, 2005 
 
Supervisor:  Jay L. Banner 
 
A wide range of chemical and isotopic variability characterizes the Great Plains 
Aquifer System (GP) and the Western Interior Plains Aquifer System (WIP), 
reflecting a range of fluid mixing processes and water:rock interaction.  The study 
area extends 1200 km from eastern Colorado to central Missouri and from 
Nebraska to the Oklahoma panhandle.  The GP comprises Cretaceous 
sandstones that are both overlain and underlain by shales.  The WIP comprises 
carbonates and sandstones of Cambrian through Mississippian age.  This aquifer 
system underlies Pennsylvanian through Jurassic shales and overlies the 
Precambrian basement.  
 
The WIP groundwater has been classified into three distinct groups; Group 1 is a 
fresh water originating in the Ozark Plateau, Group 2 is a saline groundwater 
possibly originating in the Colorado Front Range, and Group 3, originating in the 
Anadarko Basin, is the most saline groundwater of the three.  Results from fluid 
mixing models suggest that the groundwater in the WIP can be explained by the 
 vii
mixing between these three groundwater groups. The salinity of the WIP could 
be the result of two different mechanisms, halite dissolution and evaporation of 
seawater. 
 
The GP groundwater can be divided into two groups; GP1 is a fresh groundwater 
present in the unconfined portion of the aquifer while GP2 is a saline 
groundwater present in the confined portion of the aquifer.  GP2 groundwater 
acquired its salinity from interaction with groundwaters upwelling from the 
Permian shales and evaporites.  The strontium isotopic composition of GP2 also 
implies that these groundwaters have mixed with groundwater migrating upwards 
from the Pennsylvanian shales.  The light isotopic signature of both GP1 and 
GP2 suggests that this groundwater recharged at higher elevations and colder 
climatic conditions in the Colorado Front Range.  Fluid-mixing modeling results 
between the two groundwater types suggest that the groundwater from the 
confined system and the groundwater from the unconfined system are not 
mixing.   
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There is great uncertainty regarding the extent of regional scale flow 
systems and there is still controversy over the mechanisms that generate saline 
fluids in sedimentary basins.  This study investigates the hydraulic continuity of 
the Western Interior Plains aquifer system (WIP), the origin and evolution of the 
groundwaters in the WIP, the origin and evolution of the groundwater in the 
overlying Great Plains aquifer system (GP), and the mechanisms that generated 
the salinity in both the WIP and the GP.   
Large-scale flow systems are important because they control processes of 
ore genesis, migration of oil and gas, metamorphism, and diagenesis (Gunter et 
al., 2000).  Regional flow systems are also important sources of freshwater and 
potential repositories for hazardous waste materials and greenhouse gases such 
as carbon dioxide (Bachu et al., 2000, Horita et al, 2001, Cathles, 1990).  The 
WIP in the mid-continent exhibits extreme chemical and isotopic variations that 
suggest large scale fluid flow, fluid mixing processes and different mechanisms 
for the generation of saline fluids (Musgrove and Banner, 1993).  The interaction 
of all the mentioned processes and variations makes the WIP a well suited 
aquifer system to test the hypothesis of hydraulic continuity. 
 
Organization 
 This dissertation consists of five chapters.  Chapter 1 provides an 
introduction to the study, a summary of the different chapters, and some 
background information on the study area.  The following chapters are written as 
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stand-alone journal articles.  Chapter 2 addresses the issue of continental scale 
flow in the Western Interior Plains Aquifer system (WIP).  Chapter 3 discusses 
the origin and evolution of the groundwaters in the WIP.  Chapter 4 focuses on 
the origin and evolution of the groundwaters in Great Plains aquifer system (GP).  
Chapter 5 is a conclusion chapter that presents the main results from Chapters 2, 




 Chapter 2 – A Continental-Scale Groundwater Flow System 
This chapter focuses on evaluating the existence and extent of regional 
scale flow systems.  There are very few examples of modern of regional scale 
flow systems.  This study, using geochemical and isotopic tools, investigates the 
possibility of hydraulic continuity at a 1200 km-scale in the WIP.  Over this areal 
extent, three distinct groundwater endmembers were identified.  Endmember 1, a 
dilute water originating in the Ozark Plateau, Endmember 2, a saline 
groundwater possibly originating in the Colorado Front Range, and Endmember 
3, the most saline groundwater, originating in the Anadarko Basin.  Results of 
fluid mixing models suggest that the groundwater in the WIP is the result of 
mixing between these three endmembers.  The regional extent of these 
geochemically and isotopically distinct endmembers suggest that the WIP is a 
continuous flow system extending over eastern Colorado, Kansas, eastern 
Missouri, and northern Oklahoma. 
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 Chapter 3 – The Origin and Evolution of Saline Groundwater in the 
Western Interior Plains Aquifer System (WIP), Mid-Continent, United States 
 This chapter addresses the origin and evolution of the saline 
groundwaters in the WIP.  Two different mechanisms for the origin of the saline 
fluid, dissolution of evaporites and evaporation of seawater, were evaluated 
using the relationships between Br/Cl and Br/Na, Caexcess and Nadeficit, cation and 
anion data, and both stable isotopes of H and O, together with strontium isotopic 
values.  The origin of the salinity for Group 2 was found to be due to the 
dissolution of evaporites, subsequently modified by water:rock interaction.  The 
possible sources are Permian evaporites, either the Wellington Formation or the 
Nipewalla Group.  The salinity for Group 3 is possibly due to the evaporation of 
seawater and subsequent water-rock interaction.  Strontium isotope values for 
Group 2 are higher than values for Paleozoic seawater, suggesting that these 
waters have experienced extensive water:rock interaction.  Possible sources of 
this radiogenic strontium in central Kansas could be interaction of WIP 
groundwater with Precambrian granite along the Central Kansas Uplift or the 
Nemaha Uplift, mixing with fluids that have been in contact with overlying 
Pennsylvanian shales.    
 
 Chapter 4 – Regional Geochemical and Isotopic Study of the Great 
Plains Aquifer System (Dakota Aquifer) in Kansas, Nebraska, and Colorado 
 Chapter 4 describes the geochemistry and isotopic composition of 
groundwater in the GP aquifer in the mid-continent.  The GP aquifer system 
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extends from New Mexico to the Artic Circle in Canada (Gosslin, 2001).  This 
aquifer system provides water for agricultural and municipal purposes.  The 
groundwater in the GP can be divided into two groups according to their 
geochemical and isotopic character.  GP 1 is dilute groundwater present in the 
unconfined portion of the aquifer in Kansas, and in the confined portion of the 
aquifer in northeastern Colorado and northwestern Nebraska, and GP2 is saline 
groundwater present in eastern Colorado and western Kansas.  Both GP1 and 
the GP2 groundwater fall along the Meteoric Water Line, suggesting a meteoric 
origin for both of them.  H and O isotopic variations for GP1 and GP2 suggest 
that these groundwaters were recharged at high altitude, with the potential 
influence of colder climatic conditions.  These groundwaters likely acquired their 
salinity from mixing with fluids that have been in contact with evaporites.  
Strontium isotope values for GP2 are radiogenic, suggesting that these 
groundwaters have been in contact with a silicate source, such as underlying 
Pennsylvanian shales. 
 
 Chapter 5 – Summary and Conclusions 
The extent of the three groundwater groups in the mid-continent suggests 
that the WIP is hydraulically connected throughout the mid-continent. Three 
distinct groundwater types are identified in the mid-continent, each with an origin 
in different geographic locations.  Fluid mixing exerts a significant control over 
the geochemical and isotopic character of the three different groundwater groups 
present in the WIP.  Water:rock interaction has altered the strontium isotopic 
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signature of Groups 2 and 3, suggesting that fluids that have been in contact with 
Pennsylvanian shales or Precambrian basement.  Two different mechanisms for 
generating saline fluids were recognized in the WIP, dissolution of evaporites and 
evaporation of seawater. 
 Two different water types are recognized in the GP.  Groundwaters in 
western and Kansas and eastern Colorado, both in the confined and unconfined 
portion of the GP, have very low H and O stable isotope signatures.  This water 
could have been recharged at high altitude during colder climatic conditions.  The 
salinity in GP groundwater is the result of these groundwaters mixing with fluids 
that have been in contact with the Permian evaporites.  There are a few samples 
in eastern Colorado that exhibit a very high strontium isotopic composition, which 
could be the result of interaction with Pennsylvanian shales or shales from the 
GP confining system.   
A suite of different geochemical and isotopic factors were used to 
determine origin and evolution of the groundwaters in the GP and the WIP.  H 
and O isotopic values were used to determine the origin of the groundwaters and 
to suggest processes that might be affecting the groundwater.  Na-Ca-Br-Cl were 
used to determine the origin of the salinity.  Strontium isotopes helped determine 
the extent of water:rock interaction.  Mixing processes were determined using the 





























Our understanding of regional scale flow systems is important because 
they control major geological process.  Modern analogs of regional scale flow 
systems are rare.  The Western Interior Plains aquifer system (WIP) in the mid-
continent, U.S.A., has been proposed to be hydraulically continuous from the 
Colorado Front Range to eastern Missouri.  This study applies geochemical and 
isotopic variations present in this regional aquifer to ascertain the scale of 
hydraulic continuity in the WIP.  Three distinct groundwater endmembers have 
been identified in the WIP, a fresh dilute water originating in the Ozark 
mountains, a saline groundwater originating in the Colorado Front Range, and a 
saline groundwater originating the Anadarko Basin.  Fluid mixing modeling 
suggests that the groundwaters in the WIP at a 1200 km scale are the result of 
mixing between the three endmembers.  The regional extent of these 
geochemically and isotopically distinct endmembers suggests that the WIP is a 
continuous flow system extending over eastern Colorado, Kansas, eastern 




A major uncertainty in the Earth sciences is determining the existence and 
the spatial extent of regional groundwater flow systems.  Such systems control 
processes of ore genesis, migration of oil and gas, metamorphism, and 
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diagenesis (Gunter et al., 2000).  Regional flow systems are also important 
sources of freshwater and potential repositories for hazardous waste materials 
and greenhouse gases such as carbon dioxide (Bruant et al., 2002). 
Regional-scale groundwater flow systems have been proposed as being 
active in the past yet modern examples are rare.  An example of a modern 
analog is the 800 km long Great Artesian Basin in Australia (Calf and Habermehl, 
1993).  Due to the limited amount of modern systems that have been recognized 
and studied, our understanding of continental-scale flow systems is still in its 
infancy.  Regional flow in the past is implicated in the formation of heavy oil 
deposits in Paleozoic carbonates and Mesozoic sands in the Western Canada 
Basin (Garven, 1985).  It is theorized that the post-Laramide uplift of the Western 
Canada Basin triggered the creation of a topography-driven hydrodynamic 
system capable of transporting large volumes of water across the basin (Garven, 
1989).  In the mid-continent United States, some paleo-brine migrations may 
have occurred within giant hydrothermal systems that operated on regional 
scales up to 700 km (Bethke and Marshak, 1990).  It has been proposed that a 
west-to-east gravity-driven flow system in the mid-continent, the Western Interior 
Plains aquifer system (WIP), is driven by recharge in the Colorado Front Range 
and extends 1200 km across the mid-continent to Missouri (Jorgensen, 1989).  
The WIP is hypothesized to transmit saline and fresh groundwater on this large 
scale and to have developed as a result of the Laramide orogeny 65 million years 
ago (Jorgensen, 1989). These hypotheses and models pose several fundamental 
questions. Is the WIP a regional-scale groundwater flow system or an aggregate 
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of smaller isolated flow systems?  What are the sources of recharge and 
processes by which saline and fresh groundwaters in the WIP have evolved?  
The scales over which hydraulic continuity exists in aquifers are uncertain, yet 
this information is essential to understanding groundwater migration and many 
other Earth science processes. 
The present study applies geochemical and isotopic variations in WIP 
groundwater to ascertain the scale of hydraulic continuity of regional-scale flow 
system.  Three distinct geochemical groundwater groups are identified in the 
WIP.  Systematic spatial variations of major ion concentrations, stable isotope 
ratios, and geographic distribution of these three groups on a 1200 km scale 
were found.  Quantitative fluid mixing models can account for the regional 
differences in groundwater composition of these groups.  The geographic 
distribution of the groundwater groups is consistent with the WIP being a 
continuous regional-flow system (Fig. 2.1A). 
 
Approaches to determining scales of hydraulic continuity 
 
At a local scale, the continuity of a groundwater flow system can be tested 
using introduced tracers such as dyes and various ions, as well as naturally 
occurring tracers such as elemental concentrations and stable and radiogenic 
isotopes.  Deep regional aquifers tend to exhibit low permeability and porosity 




 a long 
rainfall, temperature, altitude, evaporation, and distance from the ocean, and 
testing the continuity of these aquifers with introduced tracers requires
period of time and/or an innovative approach. 
Stable isotopes of hydrogen and oxygen in water can be used to 
determine regional groundwater flow direction and areas of recharge (Mazor, 
1991).  Deuterium and oxygen isotopes vary as a function of the amount of 
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these variations can be used to infer recharge areas and flow paths (Davis et al., 
1985).  Chloride and bromide have been used as groundwater tracers; these 
anions as well as hydrogen isotopes usually behave conservatively durin
processes of water:rock interaction involving carbonates and silicates, an
thus well suited to trace groundwater mixing (Banner et al., 1994).  Radioge
isotopes, such as strontium isotopes, can be used to trace sources of dissolv
constituents in groundwater and the compartmentalization of subsurface 
reservoirs (Mearns and McBride, 1999 and Calf and Habermehl, 1983).  Oth






 used to estimate direction 
f flow within an aquifer (Mazor, 1991). 
se introduced intentionally, such as 
yes, and tracers that have been introduced unintentionally, such as 
chlorofluor
o
Human-introduced tracers include tho
d
ocarbons (CFCs) and tritium.  CFC’s are anthropogenic organic 
compounds that have been produced since the 1930’s and are used for a variety 
of domestic and industrial purposes (Solomon et al., 1998).  Both CFC’s and 
tritium can be used as tracers of groundwater and as age dating tools in young 
aquifer systems, i.e. 50 to 70 years.  Human-introduced tracers have been used 
to test continuity at a local scale, but cannot be used to test continuity in regional 
systems, since the groundwater transport time across these systems is 
prohibitively long and dispersivity is too large.  The geochemical tracers 
described in this section have been used successfully at different scales to 
determine the continuity of other flow systems, such as the Kobio aquifer in 









).  Recharge areas and 
gional groundwater flow patterns of the aquifer were determined using 14C, 
ter (Calf and 
abermehl, 1983).  The regional groundwater movement in the basin was also 
determ s 
n basin in Australia (Bentley et al., 1986; Calf and Habermelh, 1983, 
Girard et al., 1997, and Lopes and Hoffman, 1997). 
 
Tracing continuity:  Case studies   
 
The continuity and groundwater recharge sources of the Kobio aquifer,
Niger, at a 3 km scale were determined using stable isotopes, tritium ages,
hydrogeological information, such as recharge areas and groundwater flow 
velocity (Girard et al, 1997).  Using the same geochemical tools used in the 
Kobio aquifer study, tog
chers determined the flow direction and recharge area of the Lower 
Jurassic N aquifer in Black Area Mesa, Arizona (Lopes and Hoffman, 1997).  The 
results of the Lower Jurassic N aquifer study showed that groundwater flows 
south-southeast from the recharge area into the confined area of the aq
a distance of 100 km.  These tracers have also been used successfully on 
scale flow systems such as the Great Artesian Basin. 
The Great Artesian Basin in Australia extends 800 km west to east and 











C and major-ion chemistry of the groundwa
H
ined from potentiometric surface maps.  Results from the 
36
Cl studie
indicate a general agreement between the hydrologic-model ages and the 
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radioisotopic-model ages, suggesting that flow conditions have not changed 
significantly over approximately one million years (Torgensen et al., 1991 a
Bentley et al., 1986).   
Few examples of regional scale flow systems, such as the Alberta Basin 
(540 km) in Canada and the Great Artesian Basin (800 km) in Australia (Cal
Habermehl, 1983, Bachu, 1995, and Tóth, 1995) have been identified. The ex
of hydraulic continuity in regional scale groundwater systems is poorly 
understood.  This could be due, in part, to the rarity of cases where these 
hydraulic extents are tested.  The present study evaluates the hypothesis that th
WIP is a regional groundwater flow system with hydraulic continuity over 12
km in the mid-continent, USA (Jorgensen, 1989). 
 
Western Interior Plains aquifer system (WIP)  
  
The Western Interior Plains aquifer system lies within the presently 
tectonically stable interior of the North American craton and is characterized by
continuous time-stratigraphic rock formations locally interrupted by major, sub-
vertical fault zones and structural arches.  The WIP consists of dolomites, 
limestones, and sandstones of Cambrian through Mississippian age.  This 
regional aquifer is overlain by the Western Interior Plains confining system and 








 of Upper Mississippian through Jurassic age, but is mostly 
Pennsylvanian and Permian shales and evaporites (Signor and Imes, 1988).  
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The intrinsic permeability of these rocks, which is greatly affected by depth and 















).  The 
region
 to travel 1200 km in 65 million years, flow 
rate
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 in flow 




The WIP extends 1200 km west to east from the Colorado Front Range to 
eastern Missouri and about 500 km north to south from the Nebraska Panhandle 
to the Oklahoma Panhandle (Musgrove and Banner, 1993, Fig. 2.1A).  In order to 
ascertain the continuity of the WIP in the mid-continent, fifty-four groundwater 
al values for porosity range from 1% to 5% (Jorgensen et al. 1993).  
Groundwater moves very slowly from west to east due to the very low intrinsic 
permeability and minimal hydraulic gradient (Jorgensen et al., 1993).  Since the 
onset of the Laramide Orogeny, 65 Ma, there has been sufficient topographic 
relief to generate flow from west to east, from the Colorado Front Range to 
Missouri.  In order for groundwater
s in excess of 0.015 m/y are required.  Results of computer simulations of 
regional flow indicate that in some areas of the WIP flow can be as slow as 1.2 x 
10
-5
 m/y (Signor, 1988).  Using the Signor’s (1988) flow rate of 1.2 x 10
-5
 m
and assuming that groundwater traveled 1200 km in 65 million years, would 
result in brines that are more than 100 million years old.  This variability
velocity within the WIP suggests the aquifer does not behave as a uniform 
p
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samples were collected from oil, gas, industrial and municipal wells during 
August 1997 and October 1998.   
compositions.  The range of salinity in the WIP is extreme, ranging from 200 mg/l 
to 246,500 mg/l.  T otopic composition of oxygen and hydrogen of the 
groundwater in the WIP ranges from -10.9‰ to 1.3‰ and -83‰ to -16‰ for δ18O 
and δ values, res vely.  T minan tituents in the WIP 
groundwater are N  Ca, an  Based topic a hemical data,  
 
Groundwaters from the WIP exhibit a wide range of elemental and isotopic 
he is
D p tiec he predo t cons




Table 2.1 Mean geochemical and isotopic values for the Western Interior Plains 
aquifer system and the Great Plains aquifer system in the mid-continent.  
 






992), Dutton (1994), and this study.  Values represent the calculated mean for 
ach group.  TDS = calculated total dissolved solids.  δ18O values are relative to 
 Ocean Water.  Members with an asterisk represent the 







 regional-scale flow system 
extending over parts of Colorado, Kansas, Missouri, and Oklahoma.  This 
18Ο per mil Cl mg/l 
1A* 370 -6.2 9.50 
1B 660 -6.6 53.3 
1C 2,500 -6.5 1,100 1 
1D 11,500 -6.3 6,300 








Data are from Musgrove and Banner (1993), Nicastro (1983), C
2B 39,800 -9.4 21,400 2 
2C 45,100 -6.6 25,600 
3A* 238,800 2.6 176,900 
3B 192,600 -1.2 109,800 3 
3C 84,100 -5.2 52,100 
GP1 GP1* 1,000 -12.2 110 






Group 2 is predominately a Na-Ca-Cl groundwater and has δD and δ O va
varying from –100 ‰ to –50 ‰ and –14 ‰ to –4 ‰, respectively.  Group 3 is the
most saline group and has the highest δD and δ18O values ranging betw
‰ to –5 ‰ and –7 ‰ to 3 ‰, respectively. These waters are Na-Ca-Cl brines 
with salinities ranging between 62,300 mg/l to 246,500 mg/l.   
 
Discussion 
I hypothesize that the WIP is a continuous
 17
hypoth  of 
 
ic 
inland (Mazor, 1991).  The changes in magnitude of the continental effect that 
may occur between glacial and interglacial conditions are likely overshadowed by 
the magnitude of the effects of changing temperature and seawater δ O values.  
δ δ
groundwater from Groups 1 and 3.  Colder climatic variations alone do not 
explain the low isotopic signature observed in Endmember 2.  In order to obtain a 
6-9‰ shift observed between Endmember 2 δ
18
esis is tested here by correlating the geochemical origin and evolution
these groundwaters and then integrating these correlations with spatial 
geochemical variations. On the basis of groundwater geochemical and isotopic
variations, I propose that there are three distinctly different groundwater groups 
present in the WIP.  The geochemical variations indicate different origins and 
evolution pathways for each group.   
 
Sources of recharge for Endmember 2 
The stable isotopic composition of the groundwaters is dependant on 
temperature (seasonality or changes in climate), altitude, water:rock interaction, 
and continentality (Mazor, 1991).  The continental effect occurs when isotop
composition of the precipitating air masses becomes gradually lighter as it moves 
18
Based on the very low D and 
18
O isotope values of the groundwater, I propose 
that Endmember 2 originates at high altitudes during colder climatic conditions in 
the Colorado Front Range and migrates into the study area where it mixes with 
18
O values and present day local 
recharge δ O values in central Kansas, however, the mean annual air 
temperature at the time of recharge would have to have been 10-14°C cooler 
 18
than present day (Dansgaard, 1964).  This exceeds the calculated estimate















temperature variations for the mid-continent have been estimated to be 4
cooler than present day (Webb and Bryson, 1972 and Yapp and Epstein 1977)
 An alternate explanation for the low isotopic signature of Endmember 2 
could be recharge by glacial meltwaters (Siegel and Mandel, 1984 and Siegel, 
1989).  However, geographic variations in groundwater chemistry and pa
and rates of groundwater flow make the glacial meltwater recharge mo
u
1988).   
Stable isotopes of oxygen and deuterium, together with major ion 
chemistry, are used to evaluate the extent of continuity in the Western Inte
Plains aquifer system on a 1200-km scale (Fig 2.1A).  Data collected as par
this study were analyzed together with data from previous, more localized stud
in the mid-continent (Musgrove and Banner, 1993, Banner et al., 1989, 
Chaudhuri et al., 1987, Chaudhuri et al., 1992, and Nicastro, 1983).   
 
 Fluid mixing models 
Chloride concentrations and δD values are among the most conservative 
parameters in groundwater during the processes of water:rock interaction 
involving carbonates and silicates.  Their conservative nature makes these 
parameters particularly well suited to ascertain the processes of fluid mixing. 
 19
 Mixing models simulate processes that can account for the observed
range in the geochemical and isotopic variations.  Modeled mixing curves are 
based on mass-balance relationships (Banner et al., 1989).  The
 







t for central and western Kansas, 
northw




water groups identified in the WIP are apparent in a δD-Cl space (
2.3A and 2.3B).  The correspondence of the model curves and the groundwater 
data suggest that mixing in the WIP at a 1200 km-scale involves all three
endmembers (Fig. 2.3C).  The systematic geographic variations of δD and C
indicate that the groundwater in the WIP has distinct origins (Figs. 2.1A
2.3B).  The same large extent of geochemical and isotopic variability i
groundwater was observed at a 250 km scale in northwest Oklahoma, southwest 
Missouri and southeast Kansas (Musgrove and Banner, 1993). 
Fluid-mixing modeling and major-ion concentrations suggest that 
groundwaters in the mid-continent at a 1200 km- scale are the result of m
between Endmembers 1, 2 and 3 and an additional dilute endmember.  
Evaluation of regional groundwater flow direction shows that Endmember 1 
cannot be the freshwater componen
estern Oklahoma, and eastern Colorado, since Endmember 1 
groundwater does not occur further west than southeast Kansas (Fig. 2.1A)
alternative freshwater endmember could be fresh water from the Great Plain
aquifer system (GP).  The GP, also known as the Dakota aquifer, overlie
WIP confining system (Fig. 2.2).  In general in the GP, flow is from west-
southwest to east-northeast.  The GP can be divided into two distinct group
 20
according to their geochemical and isotopic signatures.  Both GP1 and
used as endmembers (Fig. 2.3C).
 GP2 were 
   




of both diffusive transport and advective transport along fractures and 
referential migration pathways.  




ses in the WIP, water would have to infiltrate across Pennsylvanian 
.  It has been observed that, in general, the hydraulic potential of the 
Pennsylvanian strata is higher than those of the lower strata (Belitz and 
Bredehoeft, 1988 and Larson, 1971).  This differential in potential allows a 
downward flow through the confining units into the WIP, i.e. flow from high 
potential to low potential.  This downward flow is probably through a combina
p
 
Stable isotopes constraints on the origin of Endmembers 1, 2, and 3 
Oxygen and hydrogen isotopic compositions of the groundwaters from 
south-c
ndle, together with results from other studies (Musgrove and Banner, 
1993, Banner et al., 1989, Chaudhuri et al., 1987, Chaudhuri et al., 1992, a












high salinities exhibited by Endmember 2 are anomalous in comparison to the 
trend commonly observed in saline groundwaters from other basins.  Increasing 
groundwater salinity is often correlated with increasing deviation from the 
Meteoric Water Line, which reflects the effects of evaporation (Clayton et al., 
1966 and Hitchon and Friedman, 1969).  The hydrogen and oxygen isotopic 
values of Endmember 2 are similar to those of modern meteoric precipitation in 
the Colorado Front Range (Musgrove and Banner, 1993), suggesting that this 
endmember could have recharged during colder climatic conditions and at higher 
elevations. 
Group 3, which comprises the most saline groundwaters, has the lowest 
δD and δ18O values.  The H and O isotopic values for Group 3 are similar to 
those found in other basinal saline fluids, where salinity increases with increasing 
deviation from Meteoric Water Line (Hitchon and Friedman, 1969).  Hydrogen 
and oxygen values similar to those from Group 3 have been observed in brines 
resulting from the evaporation of seawater (Holser, 1979).
18O in precipitation from locations around the globe.  It is a convenient refer
line for understanding and tracing groundwater origins and movements (Mazor
1991). 
Both Endmember 1 and 2 samples plot along the Meteoric Water Line.  
The signature of Endmember 1 is similar to the signature of local modern 
precipitation in Missouri, suggesting that this groundwater is derived from l
recharge to the Ozark Plateaus aquifer system.  The low δD and δ18O values and
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 Hydraulic continuity 









ast Kansas, Group 2 is present in northern Colorado, Kansas, a
Missouri, and Group 3 present in southern Kansas, and northern Oklahoma (Fig.
2.1A).  The geographic distribution of these geochemical groups appears to 
controlled by the regional-groundwater flow direction of the Western Interior 
Plains aquifer system (Fig. 2.1A).  Analysis of the potentiometric surfaces of th
WIP is consistent with Group 3 groundwaters originating in the Anadarko basin 
(Burrus and Hatch, 1989).  The results of organic geochemical analysis of 
hydrocarbons in the Anadarko Basin and southern Kansas also support the idea 
of long distance migration from the Anadarko basin
nsen et al., 1986a).  Geochemical and isotopic data from Group 1 
indicates that this groundwater represents meteoric recharge to the Ozark 
Plateaus aquifer system.  Present-day groundwaters in the Ozark Plateaus 
system flow in a radial pattern from the Ozark dome and westward toward the 
study area.  Hydrogen and oxygen isotopic values of modern precipitation on the 
Colorado Front Range are similar to those observed in Group 2.  This suggest
that Group 2 groundwater could be recharged in the Colorado Front Range 
 traveling about 1200 km to central Missouri.  It can be observed in 
figure2.1 that Endmember 2 was not found close to the Colorado Front Range.   
 24
 
This lack of data close to the Colorado Front Range could be due to the fact that 
o wells have been drilled in that area due to the depth to the WIP strata. 
Throughout the WIP in the mid-continent there exists a spatial 
ove 
p 2 does not exhibit the same 
eochemical and geographic correspondence as observed in a smaller scale 
(Fig. 2.1B and 2.5).  This may be due to the fact that these groundwaters are not 
just the result of mixing but are also affected by water-rock interaction, much 
n
correspondence between geochemistry and flow direction (Fig. 2.5).  Musgr
and Banner (1993) observed at a smaller scale the same geochemical and 
spatial correspondence.  On the larger scale, Grou
g
 25
more so than Groups 1 and 3.  This interaction was not so extensive as to affect 
e stable isotopic signature of the groundwaters. 
ontinuity on the scale of 1200 km in the Western Interior Plains aquifer system 
r types in the mid-continent (Fig. 2.3C).  We 
 can 
here the groups come into contact exhibiting the highest degree of mixing.   
d not show evidence mixing with each other.  However, within each 
ber 
ater to waters with geochemical and isotopic values that are intermediate 
onclusions 
The WIP exhibits a wide range of geochemical and isotopic variability that 
ation 
th
The regional extents of the groups suggest that there is hydraulic 
c
(Fig. 2.1A).  The results from mixing models explain the heterogeneity and 
variability found in the different wate
can also see from those mixing models how those differences in water types
be explained by different degrees of mixing of the water types, with the areas 
w
If the WIP was not a hydraulically continuous flow system, then the three 
identified endmembers, i.e. Endmember 1, 2 and 3, would occur as discrete flow 
systems an
groundwater group present in the WIP there is a transition from each endmem
w





reflect a range of fluid mixing processes over a 1200 km scale. The identific
of three groundwater groups through the quantification of groundwater mixing 
processes allows the constraint of possible flowpaths and models for the origin of 
these groundwaters.  The systematic variations in the geochemical 
 26
concentrations and isotopic values of the WIP groundwaters and their regional
extent over the mid-continent, suggest that the WIP is hydraulically continuous.  
 
The characterization of the WIP can be used as a modern analog for ancient 
such as the WIP, span across diverse processes, 
and modern continental-scale flow systems.  The implications of continental-
scale groundwater systems, 
from carbon dioxide sequestration to MVT ore genesis.  A more thorough  
 
 
understanding of this system will provide a better decision-making process 
regarding the disposal of hazardous materials and their possible leakage through 
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THE ORIGIN AND EVOLUTION OF SALINE 




























The Great Plains Aquifer System (GP) and the Western Interior Plains 
Aquifer System (WIP) in the mid-continent, USA, exhibit a wide range of 
chemical and isotopic variability that reflects a range of fluid mixing processes 
and two different mechanisms for the generation of saline fluids.  The study area 
in the mid-continent extends 1200 km west to east, from the Colorado Front 
Range to Central Missouri and 500 km north to south from the Nebraska 
Panhandle to the Oklahoma Panhandle.  Groundwater salinities range from 
20,000 to 300,000 mg/l in the WIP and from 300 to 74,000 mg/l in the GP.  
Oxygen isotope values of groundwater range from -14‰ to 2.8‰ in the WIP and 
-13‰ to -10 ‰ in the GP.  Hydrogen isotope values range from -100‰ to -5‰ in 
the WIP and from -101 ‰ to -81 ‰ in the GP.  Strontium isotope values range 
from 0.70860 to 0.72476 in the WIP and from 0.70774 to 0.73189 in the GP. 
Analysis of the geochemical and isotopic data suggests that the salinity of Group 
2 is the result of the dissolution of the Hutchison Salt Member of the Wellington 
Formation and evaporite deposits in the Nipewalla Group, while the salinity of 
Group 3 results from the evaporation of seawater.  Elevated strontium isotope 
values suggest that some Group 2 samples have undergone a significant amount 
of water-rock interaction with Pennsylvanian shales, the Precambrian basement 
or argillaceous components within the rock. 
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Introduction 
  Saline groundwaters are an important part of the hydrologic cycle 
because they are the medium within, which oil and gas migrate.  Therefore, 
understanding saline fluid migration is important in our management of these 
energy resources. There is also a public and regulatory concern over the use o
deep basinal formations for disposal of hazardous waste and the associat
potential of cross-formational flow to water supply aquifers (Wilson and Long, 




ths of saline brines so we can manage and determine disposal sites 
dditionally, saline groundwaters play an important role in 







more effectively.  A
thke and Marshak, 1990).  
  Even though saline waters are ubiquitous in nearly every sedimentary
basin, their origin is still a controversial subject (Hanor, 1987; Walter et al., 19
Kloppmann et al., 2001).  Three generalized processes have been invoked
account for the origin of salinity: 1) shale membrane filtration, 2) dissolution of 
evaporites, and 3) evaporation of seawater (Hanor, 1987). It is difficult to 
recognize , which processes produced the salinity since mixing with other 
groundwaters and water-rock interaction may alter the chemical character of 
brines.  
Shale membrane filtration, which is driven by pressure resulting from th
compaction of the sediments, results in the preferential passage of uncharge
species and small and univalent cations relative to large divalent cations 
 35
(Bredehoeft et al, 1963). This process remains to be documented on a large 
scale and sufficient geochemical evidence exists with respect to the expected
brine comp
 
osition from other studies, therefore this process will not be 
considered when evaluating the origin of the saline fluids in the WIP (Hanor, 
1983; Land and MacPherson, 1992).  Based on studies of Gulf Coast saline Ca-
Cl groundwaters by Land and Macpherson (1992) and Land (1995), shale 
membrane filtration can not explain: 1) the increase in Ca groundwaters resulting 
from filtration.  It also fails to explain the increase of other large divalent ions 
such as Sr and Ba and the decrease concentrations of Mg, 2) univalent ions are 
well correlated with one another irrespective of Ca concentrations, 3) Br/Cl ratios 
do not increase with increasing salinity (i.e., filtration), 4) Rb/Li ratios are nearly 
constant at different salinities. Similar trends in the geochemical character of 
Group 3 groundwater lead to the same inferences regarding shale membrane 
filtration for the WIP. 
Geochemical data, in particular bromide, chloride and sodium, together 
with H, O and Sr isotopes from WIP groundwater will be used to investigate the 
origin of the salinity and the extent to which those fluids have been altered by 
water-rock interaction.  In Chapter 2, I identified three geochemical endmembers 
of distinct origin in the WIP of southwest Kansas, southeast Missouri, and 
northeast Oklahoma: Endmember 1, a dilute groundwater recharged in the Ozark 
Plateau; Endmember 2, a saline groundwater possibly originating in the Colorado 
Front Range; and Endmember 3, the most saline endmember, originating in the 
nadarko Basin (Musgrove and Banner, 1993).  Groundwaters from this study A
 36
together with data from previous studies (Musgrove and Banner, 1993; 
C d 98  1 o ; B r , ) s
to investigate processes of water:rock interaction, mechanisms for the generation 
o lin n  s th e  i i
of the waters (Fig. 3.1).  In Chapter 2 it was established that the geographical 
d ib o h g  s d
continuous.  Based on that idea, this chapter will attempt to explain the origin a
e ut t o I p h e  2  
Group 3.    
the WIP in southwest Missouri, northeast Oklahoma, and southeast Kansas 
(Table 3.1).  Endmember 1, originating in the Ozark Plateau of southwestern 
Missouri, is characterized as a dilute groundwater.  Endmember 2, which 
groundwater.  Finally, Endmember 3 groundwater is also a Na-Ca-Cl type but 
Endmember 2.  Musgrove and Banner (1993) concluded that Endmember 2 
groundwater acquired its salinity from the dissolution of Permian evaporites by 
water-rock interaction and mixing with Endmembers 1 and 3 groundwaters.  
hau huri et al., 1 7, 992; Nicastr , 1983  and anne  et al. 1989  are u ed 
f sa ity, a d the proce ses at altered th  geochemical and sotop c character 
istr ution f the t ree roups sugge ted that the WIP was hy raulically 
nd 
vol ion of he gr undwater in the W P, in articular wit  resp ct to Group  and
Previous work 
 
usgrove and Banner (1993) identified three geochemical endmembers in M
originates to the west of their study area, is characterized as a Na-Ca-Cl saline 
with higher total dissolved solids and higher stable H and O isotopic values than 
meteoric water and its chemical character was subsequently altered through 
These authors propose that the salinity of Endmember 3 groundwater is due to 
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the   evaporation of seawater.  Water:rock interaction and mixing with Endmember






    
le 3.1 Geochemical and isotopic ranges for groundwater  from the WIP  
Group TDS mg/l Temp (C) pH δ18O (per mil) 
δD (per 
mil) 
Cl  (mg/l) Br       
(mg/l) 
SO4      
(mg/l) 
Na       
(mg/l) 
Ca       
(mg/l) 
Mg       
(mg/l) 
Sr       
(mg/l) 
1A 200 to 800 17 to 21 8.05 -6.8 to 5.4 -44 to -36 1.5 to 25 < 1 3.0 to 65 <1.02 to 19 8 to 100 5 to 22.0 
7.27 to 0.04 to 0.4
1B 609 to 700 20.5 to 7.31 to -6.5 to -6.7 -42 to -43 44 to 64 <1 10 to 61 66 to 140 31 to 63 16 to 29 






6.70 -39 to -44 540 to 1680 2.5 to 3 2 to 170 300 to 1200 19 to 77 10 to 2
1D 14100 27.8 7.71 6.50 -39 to -42 8000 14 to 29 0.6 to 350 5200 100 to 300 59 to 150 5 to 16 
22200 to 27.2 to 6.70 to -98 to - 12100 to 7100 to 800 to 




10.70 -70 to -84
26800 to 




3400 700 to 800 83 to 10
2C 9400 to 25300 16 to 30.9
6.90 to 
7.39 -6.8 to -7.8 -50 to -60
5200 to 
15000 12 to 28 3 to 10
228700 to 32.5 to 5.84 to 169600 to 
22.2 7.64 0.6 to 1.4 
9 0.03 to 2.0
6700 to 18.7 to 7.06 to -6.10 to - 3550 to 2300 to 
2A 34600 42.3 6.86 -12.4 to -14 100 19300 17 to 54 54 to 2100 11000 1800 300 to 500 44 to 59 
3 
0 3300 to 8600 170 to 900 93 to 300 10 to 30.4
























1100 100 to 200
roundwate
The gro
are relative to SMOW. This table includes data from Musgrove and Banner (1993), 
 
Musgrove and Banner (1993) concluded that there are systematic spatial 
distribution of these three groups.  In Chapter 2, it was demonstrated that the 
same groups were found over a 1200 km scale.  I concluded in Chapter 2 that 
the same endmember spatial variations of major ion concentrations, stable 
isotope ratios and geographic distribution can be found across the mid-continent, 
supporting the idea that there is hydraulic continuity over a 1200 km scale.  This 
study attempts to test the theories presented in the Musgrove and Banner (1993) 
study at a much larger scale and in a more complex system.   
3B 138000 51.6 6.71 -2.4 to -3




7.25 -6.0 to -6
 
G rs are from southwest Missouri, southeast Kansas, and northeast Oklahoma.  
up classification is discussed within the text.  Hydrogen and oxygen stable isotopes 
Musgrove (1993), Chaudhuri et al 1987, Chaudhuri et al., 1992, and Nicastro (1993).  
Group 1, 2 and 3 data is from Musgrove and Banner (1993) and Musgrove (1993), Group 2 
and 3 data is from Chaudhuri et al, (1987, 1992), Nicastro (1983) and from this study.   
 






ri et al., 1987 and 
Nicast
ve 
 Hugoton Embayment of the Anadarko Basin.  
The sa  fr  
, it 
ally 
 study area, 
ese authors were not able to denote the different groundwater endmembers in 
e WIP.   
audhuri et al. (1987) studied oil-field brines in the Mississippian Morrowan 
formation in south central Kansas.  The oil-field waters were found to be Na-C
type with an average salinity of 42,000 mg/l.  The strontium isotopic signatur
groundwaters in southwest Kansas ranged between 0.7221 to 0.7230, w
host carbonate rocks exhibit a strontium isotope signature ranging between 
0.7090 and 0.7093.  The results of these studies support the idea that the high 
strontium isotope signature is due to the interaction of groundwaters with alkali 
feldspars within the Precambrian crystalline rocks (Chaudhu
ro, 1983).  They also concluded that dissolution of evaporitic minerals, 
dolomitization, albitization of K-feldspar, and ion exchange with shales ha
altered the groundwaters.   
Chaudhuri et al. (1992) studied the evolution of groundwaters from Early 
Pennsylvanian formations in the
linity of these groundwaters in Pennsylvanian-aged rocks ranges om
52,000 to 244,500 mg/l TDS.  Based on oxygen and hydrogen isotopic data
was concluded by the authors that the Na-Cl brines mixed with a fresh 
groundwater, most likely originating at high elevations on the Colorado Front 
Range.  Chaudhuri et al. (1992) further concluded that the salinity of the 
groundwaters originated from the evaporation of seawater or from diagenetic




Dutton and Bein (1993) studied the origin of the salinity in the Palo Duro and 





The GP and the WIP lie within the presently tectonically stable interior of 
the North American craton.  Variations in the present day depth to the top of the 
Precambrian basement show the effects of the Late Cretaceous-Early Tertiary 
Laramide orogeny that affected rocks ranging from Paleozoic to Early Tertiary. 
The GP, also known as the Dakota aquifer, overlies the WIP aquifer 
system and confining system.  The GP is composed predominantly of 
Cretaceous sandstones and shales (Fig. 3.2).  In general, groundwater flow in 
velocities ranging between 3 x 10  m/y to 3 m/y (Helgesen et al., 1993).  
Recharge to this aquifer system occurs in southeast Colorado and northeast New 
Mexico.  Discharge occurs through springs in the Upper Cretaceous in the 
Nebraska panhandle, to the Arkansas River in central Kansas, and through oil, 
municipal, and irrigation wells (Dutton, 1994). 
M
waters are Na-Ca-Cl brines, with total dissolved solids of more tha
100,000 mg/l.  The salinity in the groundwaters in the Anadarko Basin is 
proposed to be derived from Permian seawater in a halite precipitating lagoon
(Dutton and Bein, 1993).  This groundwater was intermittently mixed with fresh
groundwater and modified by water:rock interaction.   
Hydrogeologic Setting 
the GP is from west-southwest to east-northeast with estimated average 
-3
 41
The WIP covers most of the mid-continent.  This regional aquifer system is
overlain by the Western Interior Plains confining system 
 
and underlain by the 
crystalline Precambrian basement.  The WIP consists of rocks of Cambrian 
rough Lower Pennsylvanian age (Signor and Imes, 1988) that include 
dolomites, limestones, sandstones, and shales (Fig. 3.2).  A detailed cross 
section of the mid-continent can be found 
WIP g the ste rio in yste anges between less 
th  mor an (M an 97).
IP is ent  o c  h uch the Ne  uplift, 
an  basi suc e e n e A rko B
Groundwater within this aquifer system moves regionally very slowly from west to 
ea ow in sic ab n  l hy ulic gradient of the 
are sen e , 19
trinsic permeability range from 10  ft
2 





9 m  e r ado gnor a es, 
1988).  Discharge from the WIP occurs through natural springs in the Cambrian-
Ordovician and Mississippian lime s d so ern Missouri, to the 
Mis  Missi pi an




in Appendix D. The thickness of the 
, includin We rn Inte r Pla s confining s m r
an 152 m to e th 914 m iller d Appel, 19    
The W abs  or thin n stru tural ig , shs  as maha
d is thick in ns, h as th  north rn fla k of th nada asin. 
st due the l trin perme ility a d the minima dra
a (Jorgen t al. 93).  
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at am om  an  w n t
C  the lah a dle e d g u 96  
October 1998 from Cambrian to Lower P sy r p
from 795 m to 2,042 m.  Sampling and analytical techniques are described in 
sults  
Groundw er s ples fr  oil d gas ells, i Kansas, eas ern 
olorado, and  Ok oma P nhan  wer collecte  durin  Aug st 19  and
enn lvanian units, anging in de th 
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Appe A, full ge he n op ta  th u a lle ed 
in this study is in Appendix B, and iff d m ll t ro a  
pH, and hydrogen, oxygen, and strontium isotopes for central and western 
Kansas, eastern Colorado, and the Oklahoma panhandle are presented in 
Tables 3.2 and 3.3.  Groundwaters from the WIP exhibit a wide range of 
elemental and isotopic compositions.  The range of salinity in the WIP is extreme, 
ranging from 200 to 249,000 mg/l.  The isotopic composition of the groundwater 
in the WIP ranges from -14‰ to 2.8‰ and -100‰ to -5‰ for δ18O and δD, 
respectively (Table 3.1).  Strontium isotope values range from 0.70860 to 
0.72476 (Table 3.2). The predominant constituents in WIP groundwater are Na, 
Cl, Ca, and SO4.  Figure 3.3 has stiff diagrams for representative water samples  
from Groups 2 and Group 3.  It can be observed that in general the WIP 
groundwaters are Na-Ca-Cl waters. 
Groundwaters from this study together with groundwaters from Chaudhuri 
et al. (1987, 1992) and Nicastro (1983) are classified into geochemical and 
isotopic groups using the same criteria as Musgrove and Banner (1993; Tables 
3.2 and 3.3).  This study will use data from all of these studies to investigate the 
origin and evolution of the groundwaters in the WIP.      
 
 
ndix oc mical a d isot ic da  for all e gro ndw ters co ct
 st iagra s for a he g undw ters
collected in this study are provided are Appendix C. 
The results of analyses for major element concentrations, temperature, 
 44
Table 3.2 Mid-Continent groundwater - Geochemical and isotopic analyses 
Well name Group TDS mg/l 
Temp 
(C) pH 
87Sr/86Sr δ18O (per mil) δD    (per mil) 
Cooley #1 2B 20,000 35.20 6.53 0.71821 -10 -77.11 
Cooley #4 2B 45,500 35.60 6.70 0.71026 -8.3 -76.10 
Fernback J #1 2B 27,000 22.3 7.33 0.70909 -9.1 -62 
Groening # 1 2B 45,400 27.0 6.87 0.71114 -11 -89 
Miller #4 2B 36,000 27.90 6.40 - -8.5 -73.50 
Shear "A" 2B 30,300 33.30 6.65 0.72476 -10 -79.20 
UPRC 1-35 2B 35,800 38.80 7.89 0.70898 -7.2 -83.00 
Von Lintel #2 2B 50,400 34.50 6.36 0.72095 -8.7 -77.30 
Wiltrout #1 2B 62,000 31.60 7.04 0.71586 -4.5 -59.50 
        
Schmalzried 2C 50,000 22.1 6.51 0.71860 -8.3 -65.4 
George West 2C 66,500 21.1 6.31 0.71303 -8 -69.1 
Holley #201 2C 63,700 29.20 6.80 0.71095 -7.3 -66.80 
Ray "A" #4 2C 58,900 28.90 6.78 0.71571 -4.4 -56.50 
Kriley E2 2C 64,400 25.2 6.73 0.71329 -6.2 -66.7 
Warren #1 2C 64,800 35.00 7.00 0.72372 -4.5 -54.00 
        
Van Meter # 1 3B 94,000 24.2 6.78 0.70902 -4.1 -45.9 
Hart # 1 LSE 3B 85,000 23.2 6.50 0.70929 -4.1 -44.9 
Kulhmeier #1 3B 89,000 20.4 7.04 0.70922 -3.6 -42.3 
Morrison #1 3B 95,200 25.1 6.70 0.71009 -7 -64.3 
Orland Unrue #2 3B 91,000 20.8 7.07 0.70945 -5.3 -55.6 
Roland Ratzloff #1 3B 84,000 17.6 6.80 0.70923 -3.5 -41.6 
        
Boles F - 1 3C 160,200 22.8 6.48 0.71549 -2.8 -34.1 
Charles 1-12 3C 186,000 22.0 6.56 0.70872 0.8 -26.1 
Franze E-1 3C 217,000 25.2 6.51 0.70897 0.8 -24.9 
Hanke A-1 3C 190,000 23.5 6.52 0.70924 0.5 -21.1 
James O'Dea A-1 3C 128,500 18.0 6.65 0.71629 -3.5 -36 
Kriley G2 3C 136,000 18.2 6.85 0.70879 -3 -45.4 
Mowrey W.H. #1 3C 246,600 22.7 6.96 0.71002 -0.7 -27.4 
Rathjen #1 3C 238,800 22.9 6.92 0.71069 -2 -29.3 
Regier # 1 (A) 3C 188,300 25.3 6.05 0.70860 1.4 -16.7 
Straily 3C 176,100 27.80 6.60 0.70898 -0.3 -36.90 
USA No. AD-2 3C 181,500 22.8 6.14 0.71146 0.7 -18.3 







-12.7 to    -
7.8 -100 to   -52 





-11.5 to    -
4.60 -89.2 to  -4.60 
Seawater  36000 25 7.89  0 0 
Range of geochemical and isotopic parameters for central-west Kansas, eastern 
Colorado, the Oklahoma Panhandle, and the Nebraska Panhandle.  Group 
classification is discussed in the text. Analytical methods and sample information 
collection is also provided in Appendix A.  Seawater data is from Faure (1986). 
δD and δ18O values are relative to SMOW. 
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Table 3.3 Mid-Continent groundwater - Geochemical analyses 
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) Well name Group 
Cl      Br       SO4     Na      Ca      Mg    Sr     K/Rb 
Cooley #1 2B 9,000 8 1,800 6,500 450 380 20  
Cooley #4 2B 24,500 50 1,800 15,700 2,200 560 60  
2B 19,900 40 1,900 10,900 1,700 530 55  
2B 15,800 20 2,000 9,900 1,500 400 45  
UPRC 1-35 2B 15,100 6 4,000 12,100 330 220 14  
Von L 2 2B 26,900 50 2,200 17,300 2,600 620 65  
Wiltrout #1 2B 34,000 40 2,200 22,600 2,100 460 59  
       
Schmalzried 2C 29,400 100 3,000 14,100 2,100 600 60 355 
Geor  
Holley #201 2C 34,900 10 700 25,700 650 340 60  
962 
867 
Kulhmeier #1 3B 56,200 170 140 28,600 2,700 830 220 794 
Orland Unrue #2 3B 55,600 200 1,400 28,500 3,800 1,000 230 895 
0 8,500 1,700 310 451 
600 54,100 10,300 2,400 480 906 
Franze E-1 3C 137,000 470 740 67,300 8,600 2,100 415 874 
Han
James O'Dea A-1 3C 80,600 270 800 36,400 8,200 1,600 300 541 
280 983 
Mowrey W.H. #1 3C 155,600 540 2,500 79,500 6,500 1,800 150 1197 
6 
0 
73,600- 3,300- 50,300- 1,800- 395-
Seawater  19800 69 2770 11030 425 1310 8.3  
Fernback J #1 2B 12,200 60 5,000 9,000 350 210 7 884 




   
ge West 2C 39,500 100 1,500 20,700 2,600 890 140 
Ray "A" #4 2C 31,700 25 1,900 21,900 2,000 450 60  
Kriley E2 2C 39,100 110 2,800 19,300 2,100 570 70 700 
Warren #1 2C 35,500 30 1,900 24,100 2,400 470 70  
          
Van Meter # 1 3B 60,200 170 900 27,900 3,300 1,200 280 
Hart # 1 LSE 3B 53,400 170 180 26,800 3,000 1,000 240 
Morrison #1 3B 61,100 180 1,300 27,400 3,800 1,100 140 835 
Roland Ratzloff #1 3B 54,800 150 140 25,700 2,200 680 170 911 
          
Boles F - 1 3C 100,300 350 1,100 47,60
Charles 1-12 3C 117,500 430 
ke A-1 3C 119,500 438 600 55,800 10,800 2,200 550 752 
Kriley G2 3C 89,300 240 200 38,600 5,200 1,900 
Rathjen #1 3C 149,300 450 2,600 81,400 3,700 1,300 80 121
Regier # 1 (A) 3C 117,000 450 400 56,100 9,900 3,000 1,700 608 
Straily 3C 102,300 45 1,700 65,100 4,700 1,300 160  
USA No. AD-2 3C 113,000 400 400 49,800 14,600 2,200 1,300 39
GP1  930-7 6.3-0.03 284-10 970-43 156-7 13.5-0.005 
3.4-
0.12  
GP2  12,300 27-6.6 400 4,000 3.3 0.7 78.1-1  
Range of geochemical and isotopic parameters for central-west Kansas, eastern 
Colorado, the Oklahoma Panhandle, and the Nebraska Panhandle.  Group 
classification is discussed in the text. Analytical methods and sample information 





In the study area Groups 2B, 2C, 3B and 3C groundwaters were foun
(Fig. 2.5, chapter 2). A summary of their geochemical and isotopic parameters is
provided in Tables 3.2 and 3.3.  No endme
d 
 
mbers of Group 2 and 3 as defined by 
Musgr
Cl 
S, with Cl 
concentrations ranging from 31,700 to 39, 5000 mg/l, and Na concentrations 
rangin to 25,700 mg/l (Tables 3.1, 3.2 and 3.3).  Strontium 
isotope
waters 
ove and Banner (1993), i.e. Group 2A and Group 3A, were found in the 
study area.   
 
Group 2 Groundwater 
Group 2B groundwaters occur mainly in central Kansas and eastern 
Colorado, and have salinities ranging from 20,000 to 62,000 mg/l TDS, with 
ranging from 9,000 mg/l to 34,000 mg/l and Na ranging from 6,500 to 22,600 
mg/l.  Strontium isotope values range from 0.70889 to 0.72476.  Group 2B 
waters have δ
18
O and δD values that range from -11‰ to -4.5‰ and -83‰ to -
59‰, respectively (Tables 3.1, 3.2 and 3.3). The groundwaters from Group 2 are 
classified as Na-Ca-Cl waters (Fig. 3.3) 
Group 2C occurs mainly in central Kansas and the Oklahoma panhandle, 
and has salinities ranging from 58,900 to 66,500 mg/l TD
g between 19,300 
 values range from 0.71303 to 0.72372.  O and H isotope delta values 
range between -8 ‰ to -4 ‰ and -69 ‰ and -54‰, respectively.  Ground




Group 3 Groundwater 
Group 3B occurs in central Kansas and has salinities of 160,200 to 
246,600 mg/l, with Cl concentrations of 100,300 to 155,600 mg/l and Na of 
36,400 to 81,400 mg/l (Tables 3.1, 3.2, and 3.3).  Strontium isotope values r
from 0.70902 to 0.71009.  Oxygen isotope delta values range from -7‰ to –3.5
and hydrogen isotope delta values range from -64.3‰ to -41.6‰.  These 
groundwaters are classified as Na-Ca-Cl waters
ange 
‰ 
 (Fig. 3.3) 
en 
0 to 
s range from -45 ‰ to -16‰.  This water has 
een classified as Na-Ca-Cl groundwater (Fig. 3.3).  Additionally, groundwater 




Group 3C waters occur in central and southwest Kansas and the 
Oklahoma panhandle.  Groundwaters in this group have TDS concentrations that 
range from 84,000 to 95,200 mg/l.  The concentration of chloride ranges betwe
53,400 to 61,100 mg/l while the concentration of Na ranges between 25,70
28,600 mg/l (Tables 3.1, 3.2, and 3.3).  Strontium isotope values for this group 
range from 0.70860 to 0.71629.  Oxygen isotope delta values range from -3.5‰ 
to 1.4‰ and H isotope delta value
b
s 2B, 2C, 3B, and 3C in central-west-sou
Colorado, and northwest Oklahoma are generally enriched relative to seawa
Sr, Mg, Ca, and SO4.   
 
Great Plains (GP) aquifer groundwater 
The GP endmember is the average composition of groundwater collected
in central western Kansas, eastern and northeast Colorado, and the Nebraska 
panhandle in this study and samples studied by Dutton (1994).  The GP consis
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mainly of Cretaceous sandstones and shales that are overlain by the Great 
Plains confining system and underlain by shales and evaporites of the Western 
otopic composition of GP1 ranges between -12.‰ to -8‰ and -
00‰ to -52‰ for δ18O and δD, respectively. The GP2 groundwater has TDS 






 seawater evaporation trend from 
cCaffrey et al. (1987) and the Permian halite dissolution trend from Gogel 
981) (Fig. 3.4).  For groundwaters that acquired their salinity by halite 
Interior Plains confining system (Fig. 3.2) 
The groundwaters can be divided into two distinct groups according to 
their chemical and isotopic values, GP1 and GP2.  GP1 groundwater, present 
mainly in western Kansas, has a TDS ranging from 370 to 5700 mg/l.  The 
concentration of chloride in the GP1 ranges between 6 to 930 mg/l, sodium 
ranges between 43 to 970 mg/l and bicarbonate ranges between 180 to 2300 
mg/l.  The is
1
n Colorado and the Nebraska panhandle, ranges from -12‰ to -5‰, and -
89‰ to -55‰ for δ18O and δD, respectively.  Chloride concentrations range f
12,300 to 73,600 mg/l, while Na ranges from 4,000 to 50,300 mg/l.  The G
Group is Na-HCO3-Cl type water, while the GP2 Group is a Na-Cl water type.  An
in depth discussion of the GP is provided in Chapter 4.  
 
Br-Cl variations 
Bromide and chloride concentrations have been used to provide clues
to the origin of the salinity in groundwater.  The concentrations of these 









 those of 
d 
ion indices were calculated using NETPATH (Plummer et al., 
1991). Most of Group 1 and 2 groundwaters are oversaturated with respect to 
calcite and undersaturated with respect gypsum (Fig. 3.6).  Endmember 3A and 
tion, Na/Br and Cl/Br 
ratio for modern seawater is 162, for a halite dissolution brine this ratio
ranges from 400 to 5800 (Gogel, 1981), and for evaporated seawater this ratio 
ranges from 0.62 to 162 (Carpenter, 1978). Group 2 water has Na/Br ra
ranging form 144 to 2521, while Group 3 has Na/Br ratios ranging from 126 to 
1445.  The range in values for the Cl/Br ratios for Group 2 is 210 to 3420 and for 
Group 3 this range is between 280 and 2270.   
Groups 2B and 2C plot on the trend calculated for the dilution of hal
dissolution brines and along the halite dissolution trend (Figs. 3.4 and 3.5).  T
supports the idea that their salinity originated from the dissolution of Permian 
halite (Gogel, 1981) (Figs. 3.4 and 3.5).  Groups 3B and 3C plot along the 
seawater evaporation trend with concentrations of Br and Cl higher than
modern seawater (Fig. 3.4), while they plot along the seawater evaporation tren
in the Na/Br-Cl/Br plot (Fig. 3.5). 
 
Mineral-solution saturation variations 
 Saturat
 51
Group 3C are oversaturated with respect to calcite and undersaturated with 
 
respect to gypsum.  Some Group 3B groundwaters however, are oversaturated 
with respect to calcite while others are undersaturated with respect to calcite.  
Some of Group 3B groundwater is oversaturated with respect to gypsum (Fig 
 52
3.6).  All of the samples are oversaturated with respect to quartz except three 




    
a 
pth analysis of H and O isotope values for the WIP 
roundwaters is provided in Chapter 2. 
(Fig. 3.6).   
 Oversaturation with respect to quartz may indicate interaction with 
silicates.  Group 3 exhibit
Group 1 exhibits the lowest oversaturation with respect to quartz.  Interaction 
with Pennsylvanian shales could provide the excess quartz in solution (Fig. 3.6)
Additionally, Pennsylvanian shales also contain minor interbedded sandstone 
units that could provide an additional source of silicate (Franz, 1985; Robins
al, 1985).    
 
O and H Isotopes 
Oxygen and hydrogen isotopic compositions of the groundwaters from 
study and water sampled in previous studies (Musgrove and Banner, 1993, 
Chaudhuri, 1987, 1992, and Nicastro, 1983) are compared to the Global  
Meteoric Water Line (Fig. 2.4, Chapter 2).  Endmember 1 plots on the Meteoric  
Water Line.  Group 2 groundwaters plot to the right of the Meteoric Water line, 
this could be the result of water:rock interaction or mixing with other groundwater.
Group 3 groundwaters plot to the right of the Meteoric Water Line and exhibit 
trend of increasing H and O isotope values with increasing salinity (Fig. 2.4, 






Strontium isotopic values of the WIP groundwater range widely from 
0.70872 to 0.72476 (Fig. 2.5 Chapter 2, Table 3.2).  Group 2 exhibits the most 
radiogenic signatures with values of 0.70889 and 0.72476.  Strontium 
concentrations for Group 2 are intermediate between the Group 1 and Group 3 
(Tables 3.1 and 3.2), ranging between 7 and 140 mg/l.  Studies of oilfield brines 
commonly find elevated 87Sr/86Sr values relative to the strontium isotopic value 
for seawater for the corresponding age of the host hydrostratigraphic unit 
(Chaudhuri et al., 1987; Chaudhuri et al., 1992, Sunwall and Pushkar, 1979; 
Hetherington et al., 1986; Stueber et al., 1987; Kloppmann et al., 2001; Worden 
et al., 1999; Grobe and Machel, 2002). The strontium isotopic values for Group 3 
range between 0.70872 and 0.71629 (Table 2).  The strontium isotopic 
composition of Endmember 3 is 0.70911, which is comparable to the strontium 
signature of Paleozoic seawater.  Paleozoic seawater has a strontium isotopic 
composition between 0.7070 to 0.7091 (Burke et al., 1982).   The concentration 




The systematic variations in the oxygen and hydrogen isotopic 
composition and salinity indicate distinct origins for Endmembers 1, 2 and 3.  In 






geochemical variations, flow patterns and sample localities demonstrate that fluid
mixing involving the endmember waters are controlling the composition of 
groundwater in the WIP. 
 Chloride and δD data for this area indicate that mixing involves all three




astern Colorado, and the Oklahoma panhandle indicate that 
undwaters in 
outheastern Kansas, southwestern Missouri, and northeastern Oklahoma (Fig. 
e 






these waters are chemically and isotopically similar to the gro
s
2.3B, Chapter2).  Fluid mixing modeling for south central Kansas, southwestern 
Kansas, eastern Colorado, and the Oklahoma panhandle suggests that thes
groundwaters are the result of mixing between en
fresh water endmember (Fig. 2.3C, Chapter 2).  The potentiometric surface ma
shows that Endmember 1A cannot be the fresh water component since it does 
not flow further than southeast Kansas (Fig. 3.7A).  The westernmost boundary
of the Ozark Plateaus aquifer system is defined by the geochemical transition
zone where Group 1 meets Group 2 (Musgrove, 1992).  An alternate fresh wa
endmember could be groundwater from the GP (Fig. 2.3C, Chapter 2).  This 
groundwater could infiltrate to the WIP via cross formational flow across the 












Groups 2 and 3 waters are Na-Ca-Cl.  According to Carpenter (1978) h
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 Calcium concentrations resulting from this process are limited by 
laumonite saturation (Land, 1987).  In equation 2, two sodium ions are consumed 
for every calcium ion released, while conserving the amount of aluminum in 
solution.  The availability of additional calcium in solution may result in 
precipitation of calcite cement, gypsum or anhydrite.  The sulfate content in 
Group 3 groundwaters ranges between 2.6 to 2,600 mg/l.  The equivalent 
evaporated seawater has a sulfate concentration of 17,600 mg/l; therefore 
suggesting that sulfate is being removed from solution.  According to Orr (1974) 
sulfate may also be lost from Group 3 groundwaters through sulfate reduction 
via: 
 
 2CaCO3 + Mg
2+
 = CaMg (CO3)2 + Ca
2+   (1) 
 
An alternate source of high calcium concentrations could result from the 
albitization of feldspars at the expense of sodium through the following reacti
 
 CaAl Si O  + 4H SiO  + 2Na  = 2NaAlSi
+






 + CH4  = H2S + CO2 + 2OH
-   (3) 
 
 The low Eh values measured in Group 3 groundwaters in northeastern 
Oklahoma and southeastern Kansas suggest reducing conditions, which would 
be consistent with sulfate being reduced to H2S (Appendix B).  Eh values are 
particularly hard to obtain, however these can still be used in a qualitative mode 
to provide some general idea of reducing vs. oxidizing conditions.  The loss of 
H2S from the groundwaters may occur via the precipitation of pyrite (Carpenter, 
1978).  Finally, the loss of sulfate must be accompanied by the loss of cations to 
maintain electrical neutrality.  
 Davisson and Criss (1996) introduced a mathematical transformation of 
Na, Ca, and Cl concentrations that results in a unit slope between 
milliequivalents of Na and Ca.  This transformation compares the excess calcium 
and the Na deficit relative to seawater.  The excess Ca and the Na deficit are 
defined by Davisson and Criss (1996) as: 
 
















CaCaCa      (4) 
 
















NaNa  (5) 
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where the concentrations are in mg/l of ions measured (meas) are compared to 
those ions in seawater (sw) and these numerical constants are then converted 
into meq/l.  These authors plotted Caexcess vs Nadeficit values for more than 800 
basinal fluids in different aquifers and aquifer lithologies and derived a highly 
correlated regression line, called the basinal fluid line (BFL): 
   
   Caexcess=0.967*(Nadeficit)+140.3 (6) 
 
where the unit slope is suggested to indicate the albitization of plagioclase, which 
has a two Na for one Ca exchange ratio, is thought to be the main reaction 
controlling the chemistry of deep basinal fluids.   
 In a plot of Caexcess vs Nadeficit distinct trends for the different processes 
For 
 
that affect saline groundwaters can be observed (Davisson and Criss, 1996).  
the WIP samples it can be observed that Group 3 groundwaters plot along the 
BFL trajectory suggesting that those water are affected by the albitization of 
plagioclase, which would require a 2:1 exchange of Na for Ca (Fig. 3.8).  An
example of this reaction is presented in equation 2.  It can also be observed in 
this plot that some of the Group 2 samples fall along the halite dissolution trend.  
It can also be observed for this group that there is an increase in the Caexcess 
without or very little change in the Nadeficit. , suggesting the dissolution of CaCO3 




Evidence for water-rock interaction 
Fluid mixing can closely account for most of the variability among 
nservative geochemical tracers such as H and O isotopes and Cl 
concen IP (Chapter 2), however it can not 
co
trations of the groundwater in the W




values together with very high strontium concentrations suggest extensive water-
rock interaction with a relatively non-radiogenic source of strontium.  A likely 






Sr values ranging from 0.7078 to 0.7122 (Chaudhuri et al, 
1987; Banner et al., 1988) (Fig. 3.9).  The model simulations based on H and O 
isotope nt for a 
r 
n intermediate member.  If the latter is correct, that would mean that the  
ndmember for Group 2 is yet to be found.  Most notably, the results of fluid-
mixing modeling, using the three WIP endmembers, of the δD -strontium 
model Sr isotope values for Group 2 waters (e.g., “Mix 
interaction (Fig. 3.11).  This modeling uses the same endmembers from the δD-
Cl modeling presented in Chapter 2.  
The strontium isotopic ratios for Group 2 range from 0.70898 to 0.72372.  
These values are higher than the strontium isotopic signature for Paleozoic 
seawater, which ranges from 0.7070 to 0.7091 (Burke et al, 1982).  Chaudhuri et 
al. (1987) measured the strontium isotopic ratio of Pennsylvanian clays and 
 and Cl concentration variations in WIP groundwater cannot accou
significant amount of the Sr isotope variability, especially for Group 2 
groundwater (Fig. 3.10).  It can be observed that both endmembers 1A and 3A 
are still the geochemical endmembers for those groups; however, Endmembe
2A is no longer an endmember.  This could mean that Endmember 2 has been 
significantly affected by water:rock interaction or that it is not an endmember, but 
a
E
variability in the WIP yield 
2-3” curve in Fig. 3.11) that are significantly lower than the measured values in 
these waters.  The results of fluid mixing modeling using hydrogen and strontium 
isotopes indicate that the composition of Group 2 groundwater is not just the 
result of mixing but that also involves other processes such as water:rock 
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leachates from the clays.  Potassium: rubidium ratios can provide clues as to the 


















used to modelCl vs dD.  The mixing curves in this plot do not account for all the data, suggesting that mixing is not the only process altering
odel results of mixing between the three WiP endmembers and the GP2 endmember.  This model used the same endmembers


















K but enriched in Rb relative to evaporated seawater (Chaudhuri and Cla
1993).  Typically the K/Rb ratio for formation water in sedimentary basins ra
from 200 to 2000.  Groups 2 and 3 have K/Rb ratios ranging from 355 to 1216 
(Chaudhuri and Clauer, 1993; Fig. 3.12; Table 3.2).  The WIP groundwater 
samples with the lowest K/Rb ratios are the samples with the highest stro




the highest degree of water:rock interaction.  K/Rb ratios of most sedimentary 
basin waters range between 200 and 2,000 mg/l, which is different from the K/Rb 
ratios of seawater, river water, K-feldspar, plagioclase, halite and sylvite (Fig. 
3.12; Chaudhuri and Clauer, 1993).  This ratio can be affected by the albitization 
of plagioclase or K-feldspar.  Additionally, the transformation of smectite to illite 
during deep burial can affect the budget of K and Rb (Chaudhuri and Clauer, 
1993). 
  
Water-rock interaction modeling 
 Water:rock modeling was undertaken in order to ascertain if the isotopic 
signature of the radiogenic groundwaters within Group 2 is the result of 
interaction with clays in the overlying strata or interaction with the granitic 
basement, and to help determine the source of the salinity for Group 2 (Table 
3.3).  Using methods outlined in Banner and Hanson (1990), an iterative 
calculation is used to simulate isotopic and elemental exchange during 
dissolution-recrystallization of a carbonate aquifer by a groundwater.  Four 
different scenarios were modeled, 1) granite interacted with a groundwater with 
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high strontium isotope composition, 2) granite interacted with a groundwater with 
low strontium isotope composition, 3) Pennsylvanian clay interacted with a  
groundwater with high strontium isotope composition, and 4) Pennsylvanian clay 
interacted with a groundwater with low strontium isotope composition (Table 3.4)   
All the models above were run with calcite and for 100,000 iterations.  Iteration is 
a computational procedure, in which a cycle of operations is repeated,  
The strontium isotopic composition of the groundwater achieves isotopic 
equilibrium at a high water: rock ratios in all four scenarios (Fig. 3.14).  
Groundwater equilibrates with the rock quickly because the strontium 
concentration of the rock is higher than the strontium concentration and the 
strontium isotopic composition of the rock is much higher than that of the fluids 
(Table 3.3).     
More than one process could be working in the mid-continent; for 
example, interaction with the granitic basement, close to the Nemaha Uplift or the  
Central Kansas Uplift would result in a high Sr isotopic signature in groundwater.  
In areas of the mid-continent between structural highs or faulting, the high Sr 
isotopic signature could be the result of groundwater interaction with shales or 






GP would be infiltrating through the Pennsylvanian shales and acquiring a high 
signature from the shales.  A radiogenic strontium signature within the fluid ca
be achieved by interacting with argillaceous components within the rock.  The 
origin of the high strontium isotopic signature could be due to the dissolution a








Table 3.4 – Rock and water samples used to model rock-water interaction 
Sr-Ca  
Casserly (1994), Chaudhuri and Clauer (1993), and Musgrove (1993).   
Sr mg/l Ca mg/l 87Sr/86Sr T °C   
δ18O 
SMOW 
Granite 14 NA 0.8793 22  
Pennsylvanian Clay 14 NA 0.79508 22  
Paleozoic carbonate 80 NA 0.707 27  
 
Four scenarios were modeled.  Warren #1 was reacted with whole clay, and with 
Paleozoic carbonate.  Regier #1 was reacted with Pennsylvanian clay.  KD  for calcite
was 0.05.  The granite, Pennsylvanian clay and Paleozoic data are from Giletti and 
 
Warren #1 71 2366 0.72372 -4 35 
Regier #1 1700 9900 0.7086 1.4 25 
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of smectites (Chaudhuri and Clauer, 1993).  Albitization of plagioclase coul
one of the main processes by which groundwaters acquire a high strontium 
isotopic signature (Chaudhuri and Clauer, 1993).  This process involves e
the direct replacement of K-feldspar or the replacement of K-feldspar by some 
other mineral, such as calcite or anhydrite, which in turn are replaced by albite 







Spatial distribution of groundwater types 
It can be observed that groundwater in the WIP has a distinct regional 
geographic extent (Fig. 3.15A).  Group 1 groundwaters are primarily found in  
southwestern Missouri and southeastern Kansas (Fig. 3.15A).  Group 2 
groundwaters are found in northern Kansas and western-central Missouri ( Fig. 
3.15A).  Group 3 groundwaters are present in south central Kansas,
Kansas, and the Oklahoma panhandle (Fig. 3.15A).  In central-west Kansas 
there is a significant degree of chemical and isotopic heterogeneity in a small 
 southwest 
rea, in which groundwater types 2B, 2C, and 3C have been found (Fig. 3.1).  
everal processes are 
affectin hemical characte oundwaters.  All of these wells are 
located close to the central Kans iometric surface 
map we can see that the majority of these wells are within an area of no flow or 
very sluggish flow (Fig. 3.7A).   
 The Paleozoic formations on the Central Kansas uplift onlap over 
Precambrian granite rock due to the structural development
K dhu  wo
water:rock interaction of the waters flowing from the upli
would be in direct contact with the Precambrian granite.  The water:rock 
i  evidenc s.  
a
This heterogeneity in such a small area suggests that s
g the c r of the gr
as uplift and from the potent
 of the Central 
ansas Uplift (Chau ri et al, 1987).  This onlap uld increase the intensity of 
ft since the groundwaters 




Origin of salinity in Groups 2 and 3 groundwater 
 (Hanor, 1987).  Land (1995) stated that 
uch as Sr and Ba.  Additionally, this process has 
ill 
ot be considered further as one of the processes that could generate the salinity 
 Chapter 2.   
The Br-Cl trend for Group 2 groundwater lies below seawater and the 
oncentrations of Group 2 compared to seawater suggest that the salinity could 
rmian halite in central 
ough mixing with 
 
ig. 3.5A).   
 Three processes can produce saline fluids in a sedimentary basin, 1) 
shale membrane filtration, 2) subaereal evaporation of seawater, and 3) 
subsurface dissolution of evaporites
shale membrane filtration fails to explain many geochemical observations, such 
as the fact that an increase in Ca concentration should be accompanied by an 
increased in other divalent ions s
yet to be proven to work on a large scale area, such as the Illinois basin (Hanor, 
1987).  Based on the shortcomings of the shale membrane filtration model, it w
n
in the WIP.  A more detailed description on shale membrane filtration can be 
found in
 
seawater evaporation trajectory (Fig. 3.4).  The low bromide and chloride 
c
result from halite dissolution.  Group 2 groundwaters are considerably more 
dilute than the brines resulting from the dissolution of Pe
Kansas (Fig. 3.5A).  Group 2 brines fall within the dilution of halite dissolution 
brines field, suggesting that these brines have been diluted thr
Group 1 as shown in Chapter 2.  Additionally, the Na/Br-Cl/Br relationship 
indicates that the composition of Group 2 samples resulted from halite dissolution
(F
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 There are two main evaporite-bearing units in the in the study area, the 
Hutchison Salt Member of the Wellington Formation, and the Nipewalla Group 
p 
tratigraphic order the group consists of the Harper and Salt Plain formations, 
ediments in the group are red clay, silt and sand, varying amounts of halite and 
articularly 
p 
ection.  The Blaine Formation is the only unit that has relatively pure halite free 
ith anhydrite.   
y of Group 2 groundwaters in eastern Colorado probably results 
om the dissolution of evaporites within the Nipewalla Group (Fig. 3.15B).  For 
 dissolution of the Hutchison Salt Member and/or Nipewalla Group 
vaporites.     
 
oncentrations and salinities (Fig. 3.3).  Groundwaters form Group 3 also have 
nriched with respect to seawater while δD are similar to 
(Fig. 3.15B).  Both evaporite deposits are Permian in age.  The Nipewalla Grou
consists of red bed-evaporite sequences (Holdoway, 1978).  In ascending 
s
Cedar Hill sandstone, Flower-pot shale, and Blaine Formation.  The main 
s
anhydrite, and minor amounts of dolomite, magnesite, and quartz (Holdoway, 
1978).  Halite is the most abundant evaporite in the Nipewalla Group, p
in the Flower-pot shale and Blaine Formation.  In the Flower-pot, halite makes u
80% of the sediments with red silty mudstone making up the reminder of the 
s




the remainder of the group located to the east, the salinity probably originates 
from the
e
 While both Groups 2 and 3 are Na-Ca-Cl waters, Group 3 has higher Ca
c
very little SO4 compared to Group 2 (Fig. 3.3).  δ18O isotope values for Group 3 
are several per mil e
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those from seawater (Fig. 2.4, Chapter 2).  Group 3 chemical and isotopic 
variations are very similar to fluid inclusion brines in Permian salt in Central 
ansas.  This is consistent with Group 3 compositions resulting from the 
low strontium isotopic values for Group 3 
The degree of evaporation of a brine is expressed as the ratio of the 
d Beeunas, 1986).  Br and Cl 
n 
vaporation between 3 and 8.5 while Group 3C corresponds to a degree of 
egree of evaporation observed in Groups 3B and 3C is more likely due to 
.8, the onset of gypsum precipitation is at a degree of evaporation of 3.8, and 
ing 
aCO3 as calcium carbonate cement.  Only Groups 3B and 3A could precipitate 
K
evaporation seawater. The relatively 
could be explained by water:rock interaction with host carbonate aquifer rocks 
and limited mixing with fluids from the Pennsylvanian shales.   
weight of the water in the original seawater to the weight of the water in the 
residual evaporated brine (Knauth an
concentrations of Endmember 3 correspond to a degree of evaporation betwee
9 and 10.5 (McCaffrey et al., 1987).  Group 3B corresponds to a degree of 
e
evaporation ranging between 2.6 and 3.5 (McCaffrey et al., 1987).  The lesser 
d
mixing with Groups 1 and 2, rather than to differing extents of evaporation.  
Calcium carbonate begins to precipitate at a degree of seawater evaporation of 
1
halite begins to precipitate at a degree of evaporation of 10.6 (McCaffrey et al., 
1987).  This degree of evaporation suggests that Group 3 could be precipitat
C
gypsum.  This is consistent with the relatively low sulfate content in Groups 3B 
and 3A compared to equivalent evaporated seawater.   
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 Additionally, Br-Cl systematics for Group 3 are consistent with a mari
origin (Figs. 3.5A, 3.5B).  Na/Br-Cl/Br relationships for Group 3 are consis
with a seawater ori
ne 
tent 
gin, while the Br-Cl relationship for this group falls within the 
vaporated seawater trend, supporting the evaporated seawater origin.  The 
roup 2 groundwater.  A summary of the geochemical and isotopic 
recharge, water:rock interaction can be found in Table 3.5. 
Group Group 2 Group 3 
e
scatter of the data within Group 3 is likely the result of mixing with Group 1 and 
G
characteristics of Groups 2 and 3 that were used to evaluate the origin of the 
salinity, sources of 
 
Table 3.5 Summary of major characteristics for Groups 2 and 3 used to determine the 
origin of the salinity, water type, and water:rock interaction 
 
Water type Na-Ca-Cl Na-Ca-Cl 
Salinity Intermediate High 
Br/Cl Low High 





Strontium isotopic Radiogenic, indicati
Non-radioge
similar to Paleozoic seawater 
composition 
ve of  
interaction with silicates 
nic, 
values and values indicative of 





Along the MWL 
High 
Off the MWL 
h
composition 
Origin of salinity 
 and subsequently 
modified by water:rock 
interaction 
Evaporation of seawater and 
subsequently modified by 
water:rock interaction 




 Br-Cl-Na-Ca systematics, together with stable isotopes of H and O and 
e mid-
ontinent exhibit a wide range of chemical and isotopic variability that reflect 
e 
ity of 
high strontium isotopic composition of 
ossibly the Pennsylvanian shales. Group 3 is also a Na-Ca-Cl brine originating 
f seawater.  The geochemical character of this groundwater also could have 
strontium isotopes, are used to investigate the origin of saline fluids in the WIP. 
The groundwaters from the Western Interior Plains aquifer system in th
c
large scale fluid mixing.  Three main water types found in the mid-continent ar
Groups 1, 2, and 3.  Group 2, in northern Kansas, eastern Colorado, and central-
western Missouri is characterized as a Na-Ca-Cl saline brine.  The salin
Group 2 could be due to the dissolution of the Hutchison Salt Member and the 
evaporites in the Nipewalla Group.  The 
this group can be due to interaction with the Precambrian basement at structural 
highs or faults or mixing with fluids that have been in contact with shales, 
p
in the Anadarko Basin.  The salinity of this group could be due to the evaporation 
o
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CHAPTER 4:  
REGIONAL GEOCHEMICAL AND ISOTOPIC STUDY OF 
THE GREAT PLAINS AQUIFER SYSTEM (DAKOTA 




















  The Great Plains Aquifer system (GP) is one of the largest flow systems in 
North America, extending from the Artic Circle to New Mexico (Helgeson e
1993; Jorgenson et al., 1993).  Groundwaters from the GP were collected from 
Kansas, eastern Colorado and the Nebraska Panhandle from both the 
unconfined and confined portions of the aquifer.  In the study area, two main 
water types were identified based o
t al., 









alinity of GP2 is due to the dissolution of evaporites.  Groundwaters from 
nderlying Permian evaporites could be migrating upwards and mixing with these 
P1 is dilute groundwater present in the unconfined portion of the aquifer 
in Kansas and in confined portion of the aquifer in northeastern Colorado and 
northwestern Nebraska.  GP2 groundwaters are saline groundwaters found in in 
confined portion of the aquifer in western Kansas and eastern Colorado.  The 
stable isotopic composition of H and O for both GP1 and the GP2 waters sug
that both groundwater types have a meteoric origin.  Previous studies of 
groundwaters similar to GP2 groundwaters suggest that these groundwate
duct of recharge from the High Plains aquifer system during the most 
recent North American glaciation.  Apparent ages of groundwaters geochemical
and geographically similar to GP1 waters in Kansas and GP2 waters in eastern 
Colorado, suggest that these waters are very old (Clark et al., 1998). The lig
isotopic signature of this GP1 groundwater suggests that recharge might hav
occurred at higher elevations and/or during periods of cooler climate. 








square miles throughout Kansas, Colorado, Nebraska and adjacent areas 
(Helgesen and Leonard, 1988).  The groundwater in this aquifer ranges from 
fresh to saline.  The dilute groundwater of the GP is used for irrigation and as a 
source of potable water (Fig. 4.2), but as the population increases in the mid-
e on the water from this 
 
 and Signor, 1984).  This study will use major ion 
and H or 
e 
Line; this could be due to mixing or to water:rock interaction.  The high strontium
isotopic signature of a few GP samples could be the result of interaction with 
shales or k-feldspar within the Cretaceous or Tertiary. 
  
Introduction  
The Great Plains Aquifer system (GP), also known as the Dakota aquifer
is comprised of one of the most extensive hydrostratigraphic units of North 
America (Gosselin et al., 2004, Fig. 4.1). This aquifer system covers 170,000 
continent there is going to be an increasing dependenc
aquifer system as a source of potable water (Fig. 4.3).  Management of this
resource has become an important issue and part of managing this resource is 
understanding the compositional variability that reflects the complexity of the flow 
system in the GP (Jorgensen
, O, and Sr isotopic tracers to evaluate the processes that may account f
the compositional variability in the GP, the presence of different flow systems, th
origin of the groundwater, and the source of the salinity in GP groundwater in 








Previous work  
 
The Great Plains Aquifer system has been studied extensively since 
Darton (1905).  This author stated that the GP was a classic artesian aquifer. 
More recent thinking maintains that the GP flow system is far more complex than 
reviously thought (e.g. Jorgensen and Signor, 1984; Clark et al., 1998; Gosselin 
et al., 2004; Macfarlane et al., 2000). Belitz and Bredehoeft (1988) and 
Macfarlane (1995) stated that the flow system is influenced by the thickness of 
the overlying strata and surface drainage basins that down cut into the GP.  
Although measurements of head and simulations of groundwater flow show that 
the GP in the eastern part of the study area is not hydraulically connected to the 
p
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GP in eastern Kansas (Helgesen et al., 1982; Belitz and Bredehoeft, 1988; 
Macfarlane, 1995), mixing between the different groundwater types identified 
suggest otherwise (Clark et al, 1998 and Gosselin et al, 2001).  
Based on the H and O stable isotope signature observed in the 
groundwaters in the GP, previous studies have suggested different recharge 
scenarios.  Dutton (1994), for example, proposed that recharge to this aquifer 
was through cross-formational flow from the overlying High Plains Aquifer 
system.  According to this model, the groundwater in the High Plains acquired its 
low isotopic composition due to continental effects and/or high altitude recharge 
and/or recharge during colder climatic conditions.  The continental effect is not 
sufficient to explain the low isotopic composition of GP groundwater as discussed 
for WIP groundwater in Chapter 2.  The High Plains groundwater subsequently 
leaked into the GP and was replaced with modern groundwater.  Swenson 
(1968) discusses the idea of recharge to the Dakota Aquifer.  According to 
Swenson (1968), groundwater entered the Mississippian limestones in the Black 
Hills.  Groundwater flowed eastward until the point where the strata between the 
Mississippian limestones and the Dakota aquifer are absent due to pre-Dakota 
erosion.  In the Black Hills, the water migrates upward from the Mississippian to 




Hydrogeologic Setting  
  
The GP lies within the presently tectonically stable interior of the North 
American craton.  Variations in the present day depth to the top of the 
Precambrian basement show the effects of the Late Cretaceous-Early Tertiary 
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Laramide orogeny that affected rocks ranging from Paleozoic to Early Tertiary 
(Helgesen and Leonard, 1988).  The GP is structurally controlled by broad basins 
and arches (Jorgensen et al., 1993). The Dakota Formation is a complex 
stratigraphic unit of mostly non-marine clastics that were deposited on the margin 
of the Cretaceous Interior Seaway in western Kansas and eastern Colorado 
(Macfarlane, et al., 2002).  The sand bodies of the Dakota formation are linear to 
sinuous (Miller and Appel, 1997).  
The GP, also known as the Dakota aquifer, overlies the Western Interior 
Plains confining system (Fig. 4.5).  This aquifer system is confined by the Great 
Plains confining system in eastern Colorado and western Kansas and it becomes 
unconfined in central Kansas (Fig.4.6).  The GP is regionally divided into two 
sandstone aquifers, the Maha and the Aphishapa, which are separated by a 
shale confining unit (Miller and Appel, 1997).  The upper aquifer is the Maha 
aquifer and most of the data regarding the GP comes from this aquifer.    
 In general, groundwater flow in the GP is from west-southwest to east-
northeast, with calculated average velocities ranging between 3 x 10
-3
 m/y to 3
m/y (Helgesen et al., 1993).  Porosity ranges between 10% and 30% (Helgeson 
southeast Colorado and northeast New Mexico.  Discharge occurs through 





and Leonard, 1988).  Regionally, recharge to this aquifer system occurs in 








3-Cl waters, while the samples in the 
unconfined portion of the aquifer range from Na-Cl to Na-HCO3 to Na-Ca-HCO3 
to Na-SO4 type waters.  The samples from Nebraska and northeastern Colorado 
have the highest TDS for GP1.  H and O stable isotope compositions of 
groundwater samples in this group are very low, with δ
18
O values ranging from -
13 ‰ to -10 ‰, and δD values ranging from -101 ‰ to –81 ‰.  Strontium 




Sr values) vary from 0.70774 to 
0.70938.  Group 1 groundwaters are located in Kansas, the Nebraska Panhandle 
and northeastern Colorado.  
GP2 groundwaters are Na-Cl groundwaters, with total dissolved solids 
ranging between 8,900 mg/l to 130,000 mg/l (Fig. 4.9)  The groundwaters from 
GP2 exhibit a wide range in their stable and radiogenic isotope signatures, with 
δ
18





Sr values varying from 0.70814 to 0.73189.   
 
  GP groundwaters were sampled in eastern Colorado and the Nebraska 
panhandle. Analytical methods are described in detail in Appendix A.  Complet
chemical and isotopic results can be found in Appendix B. 
Based on Cl concentration and stable isotope variations, the gr
in the GP can be divided into two groups.  GP1 groundwaters are Na-Ca-HCO
Cl groundwaters with total dissolved solids ranging between 376 mg/l to 5,600 
mg/l (Fig. 4.7 & 4.8).  All the samples from Nebraska and northeastern Colorado, 
the confined portion of the GP, are Na-HCO
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Discussion  
  The groundwater geochemical variations encountered in the study area 
appear to be controlled by the flow system and location within the aquifer, i.e. 
confined versus unconfined.  The complexity of the flow system influences the 
water quality, with extreme variability between Groups GP1 and the GP2.  Data 
for the GP from Dutton (1994), Gosselin et al. (2001, 2004), and Clark et al. 
(1998) are compared with data collected in this study.    
 
Major ion chemistry  
Based on δD vs. chloride variations, these two groundwater groups do not 
show any clear mixing trend (Fig. 4.10).  The GP1 groundwaters are dilute 
groundwaters and they are undersaturated with respect to dolomite and calcite, 
while the GP2 groundwaters are oversaturated with respect to these minerals 
(Fig. 4.11).  Calcium and bicarbonate in these waters may be derived from 
mixing with fluids migrating upwards from the Pennsylvanian limestones or from 
fluids migrating downward through the Greenhorn Limestone.  The results of 
groundwater modeling suggest that both GP1 and GP2 groundwaters are 
oversaturated with respect to k-mica.  This suggests that these groundwaters 
















The high concentrations of Na and Cl in saline groundwater, seawater and 
evaporite deposits makes these elements, together with Br, good tools for 
addressing the origin of the salinity in groundwater.  Both Cl and Br behave 
conservatively during seawater evaporation; however Br is preferentially  
excluded from the halite lattice (Holser, 1979).  Br may thus be used to 
distinguish between salinity models involving the evaporation of seawater or the 
dissolution of halite.  If a saline groundwater acquired its salinity through the 
 
evaporation of seawater, Na and Cl are going to be the dominant ions, while Br 
 99
concentrations are low relative to those elements.  If a saline groundwater 
cquired its salinity through the evaporation of seawater, Br concentrations 
hould be close to seawater concentrations (Carpenter, 1978).  It has been 
rgued that the incongruent dissolution of halite can result in enrichment with 








Most of the Br and Cl data for GP2 groundwater lie below both seawater and the 
Br-Cl seawater evaporation trajectory, due to lower Br concentrations ranging 
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from 6.6 mg/l to 35 mg/l (Fig. 4.13). There are three GP 2 samples that lie along 
oncentrations and Br/Cl rations.  These samples could be examples where 
re the 
n a  
the seawater dilution line.  These samples have very high Na and Cl 
c
incongruent dissolution of halite took place.  If the groundwater samples a




Na-Cl plot (Fig. 4.14).  All of the GP2 samples lie along that one-to-one line, 
suggesting that the salinity of the GP2 groundwater resulted from the dissolution 
Gogel (1981) documents modern-day processes of dissolution of Permian 
alt 
s 
e Nipewalla Group.  Both evaporites are Permian in age.  A more detailed 
either 
f these evaporite units would require upwards, cross-formational flow to account 
nt most of the groundwater released is from storage in the confining 
P1 and GP2 exhibit a very light isotopic signature.  Three different 
rge 
of halite.    
evaporites in central Kansas, in particular the dissolution of the Hutchison S
Member in the Wellington Formation. There are two main sources of evaporite
in the mid-continent, the Hutchison Salt Member of the Wellington Formation and 
th
description of the Nipewalla Group is provided in Chapter 3.  Dissolution of 
o
for the salinity of GP groundwater.  Bredehoeft et al., (1983) stated that since 
developme
units.  This would suggest that saline groundwater from the confining system 
would mix with the GP groundwater.   
 
H and O isotopes  
Most of the GP1 and GP2 samples fall along the Meteoric Water Line, 
suggesting that they are meteoric in origin (Fig. 4.15).  With a few exceptions 
both G
mechanisms have been proposed for the origin of these groundwaters; 1) 
recharge at high altitude along the Colorado Front Range,  2) local recha








nder cooler climatic conditions and/or glacial meltwater during the Pleistocene 
ostron and Holmden, 2000).   
Clark et al. (1998) concluded, based on noble gas data and 
14
C, which 
groundwaters in western Kansas had apparent ages of about 20,000 yrs. GP1 in 
are similar to those groundwaters 
escribed by Clark et al. (1998).  These groundwaters have very small range in 
 isotopic values of -12‰ to-11.‰.  The apparent ages for these groundwaters 
uggest that recharge occurred prior to Last Glacial Maximum, during a period of 
u
(R





intermediate climate (20 to >50 kyr ago) (Clark et al., 1998) (Fig. 4.15).  These 
roundwaters probably recharged at higher elevations in the Colorado Front 
Range and are part of a regional scale flow system.  
GP1 samples in northeastern Colorado and the Nebraska Panhandle have  
 very small range in δ
18
O, from -13‰ to -10‰ (Fig. 4.15).  The oxygen isotope 
values for GP2 groundwaters for the same area range between -10‰ to -4‰ 








ndle could have recharged either by migration down from the High Plain
aquifer system, or through recharged on aquifer outcrop areas or due to 
continental effects.  Based on 
14
C measurements, he calculated apparent 
groundwater ages between 15,000 yrs to 35,000 yrs. The light isotopic signature 
of the GP1 groundwaters suggests that these groundwaters recharged at either 
high altitude or during colder climatic conditions, or both.  The O isotopic 
composition for the GP2 groundwaters in this area could have been affec
mixing with waters infiltrating from the Western Interior Plains aquifer system.   
 
Strontium Isotopes  
The strontium isotopic compositions of GP1 and GP2 groundwaters are very low
with the exception of three samples, Lowe #3, UPRR 1-1, and Pe




groundwater samples range between 0.729888 and 0.731891. Those thre
samples are from the Sorrento field in Cheyenne County, C
e 
olorado.  Chaudhuri 
 
  
et al. (1987) sampled groundwaters from the Morrow sandstone from the same 
field, and these waters have strontium isotope values ranging between 0.71834




their high isotopic signature through interaction with the Precambrian basement 
 these samples are closer to the Las 
Animas Arc, where the Morrow formation is not juxtaposed with the Precambrian 
asem nt. 
Sonnenberg et al. (1991) determined that the secondary porosity 
bserved in the Morrow sandstone was due to the dissolution of feldspars and 




lithic grains. These authors does not state if the feldspars are k-feldspar or 
lagioclase.   
Mass balance modeling of rock:water interaction processes was 
ndertaken to constrain the extents of interaction involved.  The modeling follows 
at outlined in Banner et al. (1989) and Musgrove and Banner (2004).  
Rock:water interaction modeling between clay and Lowe #3, UPRR 1-1, and 
Perot 7-1 was done.  Rock:water interaction modeling between these three 
groundwaters and clays suggest that it takes very little interaction before the 
ground te to the strontium isotopic signature of the clay (Fig. 
3.18).  As discussed in Chapter 2, the most probable processes by which these 
groundwaters acquired their high strontium isotopic composition are the 
dissolution and replacement of detrital alkali feldspars and micas and the 
illitization of smectite (Chaudhuri and Clauer, 1993).  Chaudhuri and Clauer 
(1993) argued that the albitization of plagioclase is one of the main processes by 
which groundwaters can acquire a high strontium isotopic composition.  During 
this process K-feldspar is replaced by other minerals such as calcite or anhydrite, 







  Groundwater in the Great Plains aquifer can be divided into different 




groundwater samples in Kansas and eastern Colorado suggest, together with 
C ages from previous studies (Clark et al., 1998, Dutton, 1995, 
Macfarlane et al., 2000), that these groundwaters are old and probably recharged 
at high do Front Range.  GP1 and GP2 samples in 
orthern Colo a Panhandle probably recharged at high 
altitude and/or during colder climatic conditions.    
tracer data and 
14
er elevations in the Colora
n rado and the Nebrask
 109
   
s 
tium 
par.  The 
 
ement of detrital 
alkali f
   
  









The GP2 salinity developed through mixing with fluids that have been in
contact with Permian evaporites within the Western Interior Plains aquifer 
system. These high salinity waters are only found in the confined portion of the 
aquifer.    
  Most of the groundwaters in the GP have strontium isotopic signature
similar to Pennsylvanian limestone.  Three water samples, from the same 
hydrocarbon field, have high strontium isotopic signatures.  The high stron
values could be the result of interaction with shales that contain K-felds
most probable processes by which these groundwaters acquired their high
strontium isotopic composition are the dissolution and replac
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Three distinct n es are ide  in the Wester
Plains aquifer system IP continent, each originating in different 
tions. The pontentiometric surface map, the mixing patterns of 
ese groups and their geographical extent suggest that the WIP is hydraulically 
onnected through out the mid-continent.  Based on mass-balance model results, 
fluid mixing exerts a significant contr ver eoche al an
character of the three different groundwater groups present in the WIP.  
Water:rock interaction has altered the strontium isotopic signature of Groups 2 
and 3, suggesting that fluids have been in contact with Pennsylvanian shales, 
Pr ase t, or argillace om nts w the carb e aquifer 
unit.  Two different mechanisms for generat ed in 
the WIP: dissolution of eva
fferen ter  are ognized in the Great Plains aquifer 
sys  The t iso sig  in P su ts that t
gr coul ve re rged igh
conditions. The salinity in the GP groundwat the r f this g water 
mixing with fluids that have been in contact with the Permian evaporites.  There 
are a few samples in eastern Colorado that exhibit a very high strontium isotopic 
co hich ld b res  int ion w nnsylv hales 
or  the 
 study d min t th P is ydraul  connec stem in 
the mid-continent.  Even though there is still uncertainty over the existence of 
re flow tems  WI he ontinent USA can be used as a 
grou dwater typ ntified n Interior 




ol o the g mic d isotopic 
ecambrian b men ous c pone ithin onat
ing saline fluids were recogniz
porites and evaporation of seawater. 
Two di t wa types rec
tem (GP).  ligh topic nature  the G gges hese 
oundwaters d ha cha  at h  altitude during colder climatic 
er is esult o round
m  wposition,  cou e the ult of eract i eth P anian s
shales from GP confining system.   
This eter ed tha e WI  a h ically ted sy
gional-scale  sys , the P in t mid-c
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mode log to i stiga cien gion ale flo stems a
nderstand processes that control hydrocarbon migration, diagenesis of deeply 
uried sandstones and limestones, and ore fluid generation.  This finding can 
lso impact the possibility of using this aquifer system as a repository for 
azardous waste material or greenhouse gases.   
so d ed  gr ter ng  ta
control on the groundwater geochemical and isotopic composition over a regional 
sca k int tio ur olv  geo emical composition of 
the g er.  Du  th  of ow , wa r:roc tio
pro  have ec ge ical composition of the water 
depe he ge ph o tru  styl
 lso c titu g ale flow system that is recharged by 
diffe s acc ng ph tio ntral nsa ste
Colo dwate er rg e ado nt R high
altitude while in western Nebraska an ea  Col o th dwa  
wer  at hig ltitu ng olde mati diti
 hemi and ic ter of the GP groundwater was 
infl line f s m   P n ev rite :roc
interaction was found to affect a few GP groundwater samples in eastern 
C h s tiu p tur ld b e w ctio
with 
 ach rac a tin nd g dw lutio  
gion e flow sy ms r ie cal les t





It was al etermin  that oundwa  mixi  exerts a fundamen l 
le.  Water:roc erac n has f ther ev ed the ch
roundwat e to e scale  this fl system te k interac n 
cesses could  aff ted the ochem
n  tding on ogra ic locati n and s ctural e. 
The GP a ons tes a re ional sc
rent source ordi geogra ic loca n.  Ce  Ka s and ea rn 
rado groun rs w e recha ed in th  Color Fro ange at  
d north stern orad e groun ters
e recharged h a de alo  with c r cli c con ons.   
The geoc cal  isotop  charac
uenced by sa luid igrating from the ermia apo s.  Water k 
olorado.  The hig tron m isoto ic signa e cou e du ith intera n 
shales. 
The appro  to t ing hydr ulic con uity a roun ater evo n in
re al scal ste  differs f om stud s on lo sca hat use 
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introduced tracers such as dyes.  To evaluate the origin and evolution of 
roundwater in a regional scale system a variety of geochemical and isotopic 
ols are employed.  Chloride and H and O isotopes are suitable for tracing fluid 
ixing processes.  Na, Cl, Br, Ca relationships were used to evaluate the origin 
f the saline fluids.  Strontium isotopes together with K/Rb ratios were used to 
asce xten e t . O is es  u
determine the origin of the groundwater and to suggest processes that might be 






















ampling and Analytical Methods 
A. Sampling 
During August 1996 and October 1998 groundwater samples from water, 
il, and gas wells were collected from Cambrian to Cretaceous units.  Sampling 
crite d of in rs n w  we ot 
or screened or open to more than one formation.  Treated wells were injected 
wit hibito sca hibit
A # 4, was collected from the well befo eatm nd trea t a
sign ence  n the mic  iso  ana  re
(Tab .  As a ca ow , tre ell e av  fo
grou mplin he of p ction of some of the oil fields in 
Kansas, Colorado, and Oklahoma has decreased through time due to continuous 
pum  order cr  e ncy ove e ol il w  
floo bon d de o m
water.  Wells open to more than one formation are common in northwest Kansas.  
Sin  goa  this y is ses xte  vertical migration of 
gro lls th re  m han rm  wer  use
Add ce so ime orm ns a  the e lit y it 
b ngl ficu nst the ion ter istry 2 
inje s the m the nd o 
with carbon dioxide were not useful to stud som lls t line
round  are dis ed -in g th to t rma Th
S
o
ria consiste  collect g wate  from u treated ells that re n flooded 
h corrosion in rs, ling in ors, and de-emulsifiers. One sample, Ray 
re tr ent a after tmen nd no 
ifi ercant diff was oted in ir che al and topic lysis sults 
le )s B1-B6  pre u  htion, ever ated w s wer oided r 
ndwater sa g.  T level rodu
ping, so in  to in ease the fficie  of rec ry, th der o ells are
ded with car ioxi , open t ore than one formation, or re-injected with 
ce one of the ls of  stud to as s the e nt of
undwater, we at a open to ore t  one fo ation e not ful.  
itionally, sin met s the f atio re not  sam holog
ecomes increasi y dif lt to co rain evolut  of wa chem .  CO
c etion chang  che istry of  grou water, s wells that were flooded 
this y.  In e we he sa  
g waters pos of by re jectin em in he fo tion.  e re-
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injection of saline groundwaters alters the chemistry of the groundwater in the 
rmation and thus makes this kind of well unsuitable for sampling. 
All groundwaters were collected in acid-cleaned one-gallon containers 
here the water and the oil were allowed to separate.  After separation, a Teflon 
be was inserted into the water section of the sample.  Samples were filtered 
through a stack of three filters (0.45µ tt  a ge.  
one-gallon containers used for collection were not reused.  VOA vials were 
pre soap ution d de d w nd t used ollec
filtere s for h gen  oxy otope analysis.  Containers used for 
the collection of groundwater for catio lysi  stro  isot c ana  
were ed, w  cont rs u r th lecti  grou ater 
anio were ned  soa utio  deio d wa   
Addi e-gall ontainers, syringes, Teflon tubes, and filters were acid 
clea
al thod
 H and O isotopes 
 
d th dro nd n a s at thern ethod
Univ ble Is e La tory  the stanc f Dr. K  Ferg .  
T ic pos of th und s wa termi  usin
me o tha scrib y Ep  an eda 53).  T  to fiv
millimeters of sample was eq ated 4 h ith 




, 1.2µ, and 5µ) a ached to  syrin  The
cleaned with  sol  an ionize ater a hen to c t 
d sample ydro and gen is
n ana s and ntium opi lysis
 nacid clea hile aine sed fo e col o fn o ndw for 
n analyses  clea  with p sol n and nize ter.
tionally, on on c
ned.   
B. Analytic  me s 
1.
I conducte e hy gen a oxyge nalyse  Sou  M ist 
ersity’s Sta otop bora , with  assi e o urt uson
he oxygen isotop com ition e gro water s de ned g a 
th  tod similar t de ed b stein d May  (19 wo e 
uilibr  for 2 ours w CO2 gas of known 
c  isotop osit  The ilibra CO  g as c genic
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purified and loaded into a sample tube.  At least one in-house laboratory 
tandard was analyzed with each set of unknown samples.  Analytical 
producibility for δD and δ18O based on replicates of water samples and 
tandards for this study were ± 1.0 and ± 0.1, respectively. 
All oxygen isotope replicate analyses in Tables 19 and 20 were 
equilibrated for 24 hours, the same as the procedure for all samples, with the 
exception of Rathjen #1, Regier #1 A and St ates for these three 
hi mple ere
pos tical a cts 
waters to reach oxy  isoto rium een
1989).  The time required to achieve equilibrium is particularly high for MgCl2 and 
Ca ecau ere dec  in s ity of C  these salt 
solu ch res  in lo alue  shor uilibr imes 
(Ho .  For  of t fferent equilibration 
tim eviat  of 5 il, wh e sim  the mean 
deviation of 0.09 for the other replicate analy
B20).  The Rathjen #1 sample yielded a la evia f 0.7 per mil, with a 
lo  for  36 rat e.  T iffere  in the 
opposite direction from that y H s (19 xperim l results.  In 
s lic anal te that the saline nature of the WIP 





raily.  The replic
ghly saline sa s w  allowed to equilibrate for 36 hours in order to address 
sible analy rtifa resulting from the increased time required for saline 
gen pe ilib equ  betw  CO2 gas and water (Horita, 
Cl2 brines b se th  is a sharp rease olubil O2 in
wer δ18O v s for ter eq ation ttions, whi ults
rita, 1989) two he three saline samples, the di
es yielded d ions 0.08 and 0.3 per m ich ar ilar to
ses in the data set (Tables B19 and 
rger d tion o
w 18 eer δ O valu  the  hour equilib ion tim his d nce is
predicted b orita’ 89) e enta
ummary, the rep ate yses indica
ndwaters ot s ficantly affected the results of the analytical 
rocedures.   
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The hydrogen isotopic composition of the saline groundwaters was 
etermined using a method similar to that described by Bigeleisen et al. (1952).  
ive microliters of cryogenically purified water was reduced to H2 gas by passing 
 over depleted uranium metal at 800 °C.  The H2 gas was then collected onto 
ctivated carbon at liquid nitrogen temperatures.  At least one in-house standard 
was ith e t nd . rc the ples were 
analyzed twice.  All isotopic measurements for oxygen and hydrogen were made 
on a Finnigan MAT 251 mass spectrometer.   
. Stro m Isotopes 
 
 isoto ana  we termined using a Finnigan-MAT 261 
thermal ionization mass spectrometer (TIMS) a Uni y of s at Austin, 
with the assistance of Dr. Larry Mack. er s es fo ntiu tope 
ana aliquo to T  vial  the por to d s on a 
hotp les w ed in 330 µL of 0.3 M ultrapure HNO3 for ion 
e ry. was rate  ion ang mis ing Teflon 
micr  Eichr  Ind es In  Sp res e), u ure HNO3 
an ioni  wat ppr
filaments in a HNO3 and H3P ediu na er form  dynamic 
multicollection mode and corrected off or f atio ing house 
correction based on an empirical relati ip b en in ent tionation 
an e (H h a cMa 200  ord  ass he 
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t the versit  Texa
  Wat ampl r stro m iso
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O  m m.  A lyses w e per ed in4
line f raction n us an in-
onsh etwe strum  frac
d Sr/ Sr valu87 86 ous nd M hon, 0).  In er to ess t
ical rep ility n indi al str ium iso e an is, I c
analyses of the SRM 987 Sr standard that were conducted in th
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laboratory by its multiple users during the course of this study.  Thirty-two 
nalyses of this standard yielded a mean value of 0.710262, and two standard 
eviations of the population of 0.000016.  The mean deviation of replicate 
nalyses of unknowns in this study (Table B.19 in Appendix B) is lower than this 
alue, indicating that this is a conservative estimate of the analytical 
repro Labo ro ng for tium 10 picograms. 
Cations and Anions  
 
amples e an ed a Univ y of esota on a Perkin 
Elme 00 ICP-MS.  The samples were diluted with 0.2 N HCL in 
an am opriate ring lem ed 
limit ard.  ener e sa s w ilute 1000 mg/l TDS.  
Anion samples were analyzed at the Un ity of nnes n a Dionex ion 
chrom  syste nsi f a  pum module, a CD20 conductivity 
detector and an AS4A anion separator columns in tandem.  The eluant is 
carbonate/bi-carbonate based.  The samples were diluted with deionzied water to 
a TDS of 1000 mg/l.  Groundwater samples from the first field season in 1996 
were first analyzed for cation and anions at the University of Texas at Austin on a 
JY ICP OES and a single column ion chromatograph, respectively.  The 
detection limits for cati  ranged between 0.005 and 0.015.  Due to 
signi  bala erro 0 to ) the mp ere re-analyzed at 
the inne  for ns.  The newer anion results reduced the 
charg  error o se les ow ikely  result of the 
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3. 
Cation s wer alyz t the ersit Minn
r AN 50/Sciex EL
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ivers  Mi ota o
atography m co sting o  GP40 p 
ons and anions
ficant charge nce rs (1 20% se sa les w
 University of M sota  anio
e balance f the samp t lo be 5%, l  as a
im
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Sixty four percent of the water samples analyzed for this dissertation have 
harge balance errors of less than 5%, while the remaining 36% of the samples 
ave a charge balance error between 5% and 10%.  The majority of the 5-10% 
amples have salinities ranging from 40,000 mg/l to 100,000 mg/l.  Such 
creases in charge balance error in saline fluids could be due to uncertainties 
assoc he me ent o nce uch as 
precipita  sulphate pr l , 1996),  
nec ing le elemen lysis of s ters 
(Gascoyne, 2004).  These charge balanc
level a high ty t affe rpreta
con ted in di
Bicarbonate was measured in the field by titrating groundwater samples to 
a pH of e pH of e a ed  as it w ted 
and filtered. Approximate  m  pu eaker to ith a 
Tefl  HCl a a all increments of approximately 
0.05 ilmo rob asuring th  of the sam  after 
eac a pH o ou t  point, the t ng acid 
was added dropwise until a pH ed.
ks were collected using deionized water at six different localities 
 western-central Kansa ste
astern Colorado.  Field blanks were filtered into bottles identical to those used 
r sample collection.  The majority of cation and anion results for blanks were 





iated with t asurem f sulphate co ntrations s
tion of salts ior to analysis (Tay or et al. or to the
essity of perform multip  dilutions for tal ana aline wa
e errors, although not below the 5% 
indicative of -quali  analysis, do no ct the inte tions and 
clusions presen  this ssertation.   
4.5.  Th ach s mple was measur  as soon as collec
ly 50 ls of sample was t in a b gether w
on stirring bar. cid w s added in sm
m Gls using a nt mic urette, me e pH ple
h addition until f ab t 5 was reached.  A  this itrati
of 4.5 was obtain  
Field blan





negligible for the samples analyzed.  Silica was found in all six blanks with 
concentrations ranging from 0.04 to 0.44 mg/l.  Potassium was also found in 
three field bla ith en s  fro 07mg to 9 mg/  
Finally, calcium was measured in three field s, ra  from 0.1 to 0.9 mg/l.  
For most of the samples analyzed, the silica, potassium, and calciu anks 
 and no blank 
orrections were applied to the data reported.  The results for the blanks and 
plicates are provided in Appendix B.  Thirty three percent of the samples were 
n in replicate, for both cation and anion analysis, with a precision better than ± 
%. Charge balance errors were determined by NETPATH and PHREEQC, while 
sa es w alcu  u HR PTZ arge b  






 of the nks w conc tration  ranging m 0.  0.0 l. 
blank nging
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GP and WIP Geochemical and Isotopic data 
 
Table cation, ation  age he W
Well name Group County/State Formation Age 
 B.1 Lo  form , and  for t IP 
 
Groening # 1 2B Marion, KS Viola WIP/ORD 
Fernback J #1 2B Texas, OK Krider   
Cooley #4 2B Graham Co., KS Kansas City WIP/PEN 
Cooley #1 2B Graham Co., KS Kansas City WIP/PEN 
Shear "A" 2B Ness Co., KS Mississippian WIP/MISS 
Von Lintel #2 2B Ellis Co., KS Arbuckle WIP/CAMB 
Miller #4 2B Ro o., K A kle AMoks C S rbuc WIP/C B 
UPRC 1-35 2B Cheyenne Co  A e AM., CO rbuckl WIP/C B 
Kriley E2 2C Rooks, KS A kle AMrbuc WIP/C B 
George West  Penn.conglo rate EN2C Rooks, KS me WIP/P N 
Schmalzried M ippia ISS2C N  ess, KS ississ n WIP/M  
Wiltrout #1 2C N o., K K  City /PENorton C S ansas   WIP  
Warren #1 2C P o., K K s City ENhillips C S ansa   WIP/P  
H 01 olley #2 2C Graham Co.  City EN, KS Kansas   WIP/P  
Ray "A" #4 R ., K le AM2C ooks Co S Arbuck WIP/C B 
Ray "A" #4* R ., K le AM2C ooks Co S A krbuc WIP/C B 
Hart # 1 LSE M n, ippia IS3B cPherso  KS Mississ n WIP/M S 
Ro ff #1 Marion, KS ippia ISSland Ratzlo 3B Mississ n WIP/M  
Kulhmeier #1 3B M n, ippia ISScPherso KS Mississ n WIP/M  
Morrison #1 3B Saline, KS ippia ISMississ n WIP/M S 
Van Meter # 1 3B Saline, KS ip ISMississ pian WIP/M S 
Orland Unrue #2 McP rson,  E3B he  KS Hunton WIP/D V-ORD 
Regier # 1 (A) Harvey, KS  C E3C Kansas ity WIP/P NN 
Kriley G2 3C Rooks, KS  C EKansas ity WIP/P NN 
Boles F - 1 3C Sew s e ISard, KS St. Loui  Limeston WIP/M S 
Franze E-1 3C Beaver, OK  C ENKansas ity WIP/P N 
James O'Dea A-1 3C Stevens, KS  IS Chester WIP/M S 
Charles 1-12 3C Haskell, KS Morrow WIP/PENN 
Hanke A-1 3C Seward, KS Morrow /PENN WIP
USA No. AD-2 Morton, KS Morrow 3C WIP/PENN 
Mowrey W.H. #1 Texas, OK PENN 3C Krider WIP/
Rathjen #1 3C Texas, OK Krider WIP/PENN 
Straily 3C Ellis Co., KS Kansas City/Lansing WIP/PEN 





Table B.2 Well depth, pH, Temperature, Eh, and conductivity for the WIP 




Groening # 1 2B 1,000 6.87 27 -305.3 67 
Fernback J #1 2B 844 7.33 22.3 -150.4 38.3 
Cooley #4 2B NA  6.7 35.6 -271 64.7 
Cooley #1 2B NA   6.53 35.2 -303 30.1 
Shear "A" 2B NA   6.65 33.3 -277 47.2 
Von Lintel #2 2B NA   6.36 34.5 -276 71.5 
Miller #4 2 N 6. 27.9 -2  B A   4  92 54
UPRC 1-35 2B NA   7.8 38. -9 8 406 49.2 
Kr 2C 1,0 6.73 25. -247.5 iley E2  97 2 92 
George West 2C NA 6.31 21. -29 .1     1 2 93
Schmalzried 2C NA 6.51 22 -271.3 .1     .1 66
Wiltrout #1 2C NA   7.04 31.6 -258 85.4 
W 2C NA 7 35 -17 .9 arren #1     9 88
H 2C NA 6.8 29. -32 .7 olley #201     2 3 88
Ray "A" #4 2C NA 6.78 28 -30 .9     .9 9 83
R 2C NA 6.77 28. -30 .78 ay "A" #4*     8 9 84
Ha 3B 81 6. 23. -199.6 1.2 rt # 1 LSE  8 5 2 12
R 3B 893 6.8 17.6 -184  8.8 oland Ratzloff .2 11#1 
Ku 3B 91 7.04 20 -5 5.4 lh  meier #1  6 .4 0.6 12
Mo 3B 87 6.7 25 -1 4.8 rrison #1  5 .1 58.5 12
Van 3B  N 6.78 24 -312.8 8.3 Meter # 1  A  .2 12
Or 3B 1,023 7.07 20.8 -275.8 0.1 land Unrue #2 13
Reg 3C 86 6.05 25 -22 9.9ier # 1 (A)  9 .3 6.0 >19   
Kriley G2 3C 1,0 6.8 18 - 9.4  67 5 .2 46 16
Boles F - 1 3C   6.48 22 -12 44  .8 .8 1
Franze E-1 3C 2,0 6.5 25.2   55.4 57 1 1
J 3C 1,703 6.65 18 -70 34.2 ames O'Dea A-1 1
C 3C 1,628 6.5 2 -3 51.8 harles 1-12  6 2 0 1
Hanke A-1 3C 1,639 6.5 23 -19 52.1  2 .5 .7 1
USA No. AD-2 3C 1,673 6.1 22 -45 151  4 .8 .5 
Mowrey W.H. 3C 831 6.96 22.7 -137.5 62.3 1#1 
R 3C 79 6.9 22. -14 4 athjen #1  7 2 9 0 16








Table B.3 Geochemical data for the WIP 
Well name Group TDS mg/l Cl mg/l 
SO4 




Groening # 1 2B 45,333 26,569 1,788 80  <0.005 244 
Fernback J #1 2B 27,053 12,220 5,024 4 13 195 
Cooley #4 2B 45,436 24,508 1,804 53   <0.005 313 
Cooley #1 2B 20,047 8,999 1,834 8  <0.005  1,708 
Shear "A" 2B 30,288 15,792 1,963 24   <0.005 412 
Von Lintel #2 2B 50,399 26,861 2,124 50   <0.005 464 
Miller #4 2B 3 1,891 78 5,937 19,860 36   <0.005 6
UPRC 1-35 2B 35,710 05 84 15,055 3,947 6   <0.0 3,6
Kriley E2 64,324 39,120 2,780 05 225 2C 112   <0.0
George West 2C 65,514 39,490 1,474 05 41 103   <0.0
Schmalzried 2C 49,921 29,338 2,938 05 469 101   <0.0
Wiltrout #1 2C 61,986 34,031 2,138 259 36   <0.005 
Warren #1 2C 64,715 35,450 1,863 05 122 31   <0.0
Holley #201 2C 63,642 34,886 707 05 805 10   <0.0
Ray "A" #4 2C 58,822 31,674 1,902 5  330 25  <0.00
Ray "A" #4* 2C 60,302 32,061 1,902   329 NA*  NA*
Hart # 1 LSE 84 53,391 176 05 8 3B ,827 187   <0.0 9
R  83,926 54,782 137 05 122 oland Ratzloff #1 3B 151   <0.0
K  88,968 56,220 138 05 106 ulhmeier #1 3B 166   <0.0
M 1 95,184 61,134 05 128 orrison # 3B 1,316 176   <0.0
Van Meter # 1 94,041 60,194 5  204 3B 862 173  <0.00
Orla  #2 90,988 55,591 1,390 05 222 nd Unrue 3B 201   <0.0
R ) 188,270 11 05 56 egier # 1 (A 3C 7,015 393 581   <0.0
Kriley G2 3C 135,785 89,244 05 138 212 240   <0.0
Boles F - 1 3C 16 100,307 05 7 0,169 1,080 181   <0.0 3
Franze E-1 3C 216,789 136,992 740 170   <0.005 42 
James O'Dea A-1 3C 128,417 80,541 824 152  <0.005  101 
Charles 1-12 3C 185,957 117,437 592 266   <0.005 72 
Hanke A-1 3C 190,016 119,486 602 298   <0.005 127 
USA No. AD-2 3C 181,503 112,895 414 461   <0.005 80 
Mowrey W.H. #1 3C 246,524 155,526 2,532 117   <0.005 44 
Rathjen #1 3C 238,719 149,284 2,576 56  <0.005  42 











Table B.4 Geochemical data for the WIP 
 
Well name Group Li mg/l B  mg/l Na mg/l Mg mg/l Al mg/l Si mg/l 
Groening # 1 2B 3.48 6.51 14,170 576 0.01 1.16 
Fernback J #1 2B 1.14 4.14 8,984 213 0.00 7.41 
Cooley #4 2B 16.84 <0.005  15,640 561 0.03 7.28 
Cooley #1 2B 7.96 <0.005  6,530 380 0.03 8.63 
Shear "A" 2B 15.06 <0.005  9,912 400 0.03 9.20 
Von Lintel #2 2B 22.22 <0.005  17,280 621 0.06 6.04 
Miller #4 2B 15.53 <0.005  10,908 527 0.06 8.97 
UPRC 1-35 2B 11.07  <0.005 12,102 218 1.20 11.40 
Kriley E2 2C 3.46 15.36 19,260 570 0.03 17.30 
George West 2C 9.97 13.93 20,640 886 0.04 11.14 
Schmalzried 2C 10.43 18.48 14,130 601 0.04 15.80 
Wiltrout #1 2C 16.24 <0.005  22,614 460 0.06 5.73 
Warren #1 2C 12.00 <0.005  24,096 466 0.06 5.83 
Holley #201 2C 15.55 <0.005  25,722 341 0.06 18.39 
Ray "A" #4 2C 17.29 <0.005  21,846 453 0.06 5.88 
Ray "A" #4* 2C 12.00 <0.005  23,388 467 0.06 6.21 
Hart # 1 LSE 3B 5.23 9.30 26,820 978 0.04 2.82 
Roland Ratzloff #1 3B 4.72 12.34 25,660 673 0.03 13.57 
Kulhmeier #1 3B 5.25 10.67 28,570 830 0.03 4.46 
Morrison #1 3B 6.58 12.65 27,370 1,086 0.02 22.41 
Van Meter # 1 3B 4.46 10.22 27,860 1,146 0.08 13.35 
Orland Unrue #2 3B 7.34 9.31 28,500 1,024 0.06 5.99 
Regier # 1 (A) 3C 4.92 10.41 56,120 2,994 0.28 0.00 
Kriley G2 3C 5.03 9.43 38,560 1,890 0.07 13.96 
Boles F - 1 3C 14.56 19.85 47,540 1,658 0.05 22.15 
Franze E-1 3C 7.61 10.77 67,320 2,108 0.12 0.00 
James O'Dea A-1 3C 13.72 12.72 36,350 1,633 0.35 4.35 
Charles 1-12 3C 4.28 18.90 54,120 2,427 0.39 0.00 
Hanke A-1 3C 3.44 10.10 55,790 2,201 0.10 0.00 
USA No. AD-2 3C 5.20 11.37 49,760 2,173 0.11 16.86 
Mowrey W.H. #1 3C 6.84 6.93 79,480 1,821 0.03 4.08 
Rathjen #1 3C 8.51 3.47 81,390 1,257 0.07 5.35 











Table B.5 Geochemical data for the WIP 
 
Well name Group P mg/l K mg/l Ca mg/l Fe mg/l Mn mg/l Rb mg/l
Groening # 1 2B <0.005 109 1,789 0.38 0.49 0.12 
Fernback J #1 2B 0.07 35 350 10.92 0.89 0.04 
Cooley #4 2B <0.005 300 2,218 0.01 0.04 <0.005 
Cooley #1 2B <0.005 115 441 0.01 0.01 <0.005 
Shear "A" 2B <0.005 265 1,474 0.01 0.02 <0.005 
Von Lintel #2 2B  <0.005 345 2,608 0.06 0.03  <0.005 
Miller #4 2B  <0.005 290 1,699 0.10 0.10  <0.005 
UPRC 1-35 2B  <0.005 340 322 0.20 0.20  <0.005 
Kriley E2 2C 0.53 144 2,113 0.21 0.15 0.21 
George West 2C 0.59 220 2,584 0.28 0.05 0.27 
Schmalzried 2C 0.00 266 2,073 0.31 0.10 0.75 
Wiltrout #1 2C <0.005 340 2,062 0.01 0.17 <0.005 
Warren #1 2C <0.005 260 2,366 0.35 0.40 <0.005 
Holley #201 2C <0.005 430 650 0.04 0.01 <0.005 
Ray "A" #4 2C <0.005  565 1,962 0.10 0.10 <0.005  
Ray "A" #4* 2C <0.005 60 2,008 0.10 0.10 <0.005 
Hart # 1 LSE 3B <0.005 148 2,939 3.06 0.13 0.15 
Roland Ratzloff #1 3B <0.005 130 2,207 4.52 0.13 0.15 
Kulhmeier #1 3B <0.005 153 2,702 1.23 0.13 0.18 
Morrison #1 3B 0.10 189 3,774 1.94 0.18 0.24 
Van Meter # 1 3B 0.63 122 3,313 0.55 0.13 0.13 
Orland Unrue #2 3B <0.005 177 3,829 0.31 0.56 0.21 
Regier # 1 (A) 3C <0.005 197 9,814 0.80 0.09 0.32 
Kriley G2 3C 0.92 225 5,170 32.49 0.44 0.23 
Boles F - 1 3C <0.005 631 8,538 7.91 0.14 1.40 
Franze E-1 3C <0.005 517 8,635 1.43 0.08 0.59 
James O'Dea A-1 3C <0.005 400 8,205 28.67 0.88 0.74 
Charles 1-12 3C <0.005 471 10,330 0.48 0.24 0.52 
Hanke A-1 3C <0.005 363 10,800 72.15 4.99 0.48 
USA No. AD-2 3C <0.005 168 14,560 75.64 8.20 0.43 
Mowrey W.H. #1 3C 0.05 461 6,481 7.13 0.28 0.38 
Rathjen #1 3C 0.15 368 3,692 4.65 0.12 0.30 











Table B.6 Geochemical and isotopic data for the WIP 
 
Well name Group Sr mg/l Ba mg/ Pb mg/ Charge Balance δ 
18Ο  δ D 
Groening # 1 2B 75 0.68 <0.01 2.0 -11 -89 
Fernback J #1 2B 7 0.04 0.01 3.0 -9 -62 
Cooley #4 2B 66 0.12 0.61 -7.7 -8 -76 
Cooley #1 2B 23 0.08 0.44 -3.3 -10 -77 
Shear "A" 2B 45 0.10 0.69 -5.2 -10 -79 
Von Lintel #2 2B 65 0.14 1.54 -7.7 -9 -77 
Miller #4 2B 54 0.11 2.80 -0.2 -8 -74 
UPRC 1-35 2B 14 0.20 2.00 -0.3 -7 -83 
Kriley E2 2C 74 0.10 0.01 7.6 -6 -67 
George West 2C 141 1.74 <0.01 2.1 -8 -69 
Schmalzried 2C 61 0.10 0.01 6.8 -8 -65 
Wiltrout #1 2C 59 0.13 0.91 -5.9 -4 -59 
Warren #1 2C 71 0.19 0.97 -7.7 -4 -54 
Holley #201 2C 66 0.32 0.35 -8.0 -7 -67 
Ray "A" #4 2C 61 0.16 2.98 -8.1 -4 -56 
Ray "A" #4* 2C 63 0.13 2.51 -10.3  NA  NA 
Hart # 1 LSE 3B 240 16.23 0.01 3.7 -4 -45 
Roland Ratzloff #1 3B 167 12.25 0.01 9.0 -3 -42 
Kulhmeier #1 3B 220 6.22 <0.01 4.3 -4 -42 
Morrison #1 3B 142 0.66 0.02 8.4 -7 -64 
Van Meter # 1 3B 275 35.25 0.01 7.3 -4 -46 
Orland Unrue #2 3B 232 0.43 <0.01 2.3 -5 -56 
Regier # 1 (A) 3C 1658 5.39 <0.01 1.4 2 -17 
Kriley G2 3C 280 3.84 0.01 9.0 -3 -45 
Boles F - 1 3C 310 1.74 0.02 3.5 -3 -34 
Franze E-1 3C 414 0.20 <0.01 4.3 1 -25 
James O'Dea A-1 3C 301 1.46 <0.01 3.2 -3 -36 
Charles 1-12 3C 482 0.73 0.01 3.6 1 -26 
Hanke A-1 3C 554 2.32 <0.01 3.2 1 -21 
USA No. AD-2 3C 1329 7.24 0.02 1.3 1 -18 
Mowrey W.H. #1 3C 153 0.08 0.01 -5.9 -1 -27 
Rathjen #1 3C 87 0.18 0.01 5.2 -2 -29 











Table B.7 Strontium isotope values and saturation indices for the WIP 
 









Groening # 1 2B 0.711141+-8 0.39 0.73 -0.22 
Fernback J #1 2B 0.709087+-8 NA   NA NA  
Cooley #4 2B 0.71026+-7 0.50 0.92 -0.17 
Cooley #1 2B 0.71821+-7 0.46 1.31 -0.61 
Shear "A" 2B 0.72476+-7 0.41 0.73 -0.19 
Von Lintel #2 2B 0.72095+-8 0.38 0.64 -0.06 
Miller #4 2B  NA 0.36 0.63 -0.17 
UPRC 1-35 2B 0.70898+-8 1.88 4.08 -0.60 
Kriley E2 2C 0.713288+-8 0.25 0.35 0.00 
George West 2C 0.71303+-7 0.48 0.87 -0.21 
Schmalzried 2C 0.71860+-9 0.29 0.43 0.06 
Wiltrout #1 2C 0.71586+-7 0.68 1.20 -0.15 
Warren #1 2C 0.72372+-7 0.41 0.64 -0.17 
Holley #201 2C 0.71095+-6 0.45 1.10 -1.10 
Ray "A" #4 2C 0.71571+-11 0.48 0.79 -0.21 
Ray "A" #4* 2C NA  NA  NA   NA 
Hart # 1 LSE 3B 0.709209+-8 -0.20 -0.43 -1.09 
Roland Ratzloff 
#1 3B 0.709234+-7 0.01 -0.13 -1.27 
Kulhmeier #1 3B 0.709218+-8 0.30 0.49 -1.22 
Morrison #1 3B 0.710085+-9 0.22 0.37 -0.14 
Van Meter # 1 3B 0.709015+-8 0.44 0.88 -0.38 
Orland Unrue #2 3B 0.709454+-8 0.79 1.43 -0.09 
Regier # 1 (A) 3C 0.708604+-9 -0.31 -0.53 -0.20 
Kriley G2 3C 0.708785+-8 0.49 0.97 -0.78 
Boles F - 1 3C 0.71549+-8 -0.16 -0.51 0.47 
Franze E-1 3C 0.70897+-2 0.10 0.22 0.17 
James O'Dea A-1 3C 0.71629+-9 0.31 0.34 0.00 
Charles 1-12 3C 0.708721+-9 0.30 0.52 0.04 
Hanke A-1 3C 0.709235+-8 0.52 0.94 0.07 
USA No. AD-2 3C 0.711462+-8 -0.01 -0.29 -0.02 
Mowrey W.H. #1 3C 0.710022+-8 1.29 2.80 0.98 
Rathjen #1 3C 0.710688+-7 -0.11 0.07 -0.35 










Table B.8 Saturation indices for the WIP 
 
















Groening # 1 2B 1.35 -2.40 5.66 -2.39 -1.07 
Fernback J #1 2B NA  NA NA  -1.72 -2.03 
Cooley #4 2B 0.40 0.05 8.31 0.05 1.69 
Cooley #1 2B 0.31 -0.42 8.03 -0.42 1.43 
Shear "A" 2B 0.40 0.28 8.73 0.28 2.04 
Von Lintel #2 2B 0.55 0.19 9.61 0.19 2.51 
Miller #4 2B 0.50 0.89 10.63 NA   NA 
UPRC 1-35 2B 0.85 1.93 10.78 1.93 3.97 
Kriley E2 2C 0.74 1.83 11.05 1.55 4.00 
George West 2C 1.81 1.50 11.34 1.49 4.37 
Schmalzried 2C 0.74 1.96 11.62 1.96 4.69 
Wiltrout #1 2C 0.63 0.60 9.27 0.60 2.48 
Warren #1 2C 0.70 0.30 8.78 0.30 2.11 
Holley #201 2C 0.66 2.38 11.68 2.38 4.83 
Ray "A" #4 2C 0.71 0.98 10.32 0.98 3.18 
Ray "A" #4* 2C  NA  NA NA  NA  NA  
Hart # 1 LSE 3B 2.09 -0.05 9.84 -0.05 2.72 
Roland Ratzloff #1 3B 1.91 2.25 12.01 2.25 5.27 
Kulhmeier #1 3B 1.59 0.82 10.05 0.82 3.28 
Morrison #1 3B 1.47 2.55 11.73 2.55 5.30 
Van Meter # 1 3B 3.04 2.30 12.48 2.29 5.67 
Orland Unrue #2 3B 1.43 1.69 11.50 1.69 4.62 
Regier # 1 (A) 3C 3.14 NA   NA  NA  NA 
Kriley G2 3C 2.02 3.67 14.53 3.68 7.57 
Boles F - 1 3C 2.73 4.83 15.82 4.79 8.74 
Franze E-1 3C 2.10  NA NA   NA NA  
James O'Dea A-1 3C 2.18 3.14 15.67 3.14 7.75 
Charles 1-12 3C NA  NA  NA  NA   NA 
Hanke A-1 3C 2.92 NA  NA   NA  NA 
USA No. AD-2 3C 3.27 4.41 16.27 4.42 9.23 
Mowrey W.H. #1 3C 1.94 4.58 15.71 4.58 8.73 
Rathjen #1 3C 2.12 4.38 15.83 4.38 8.66 
Straily 3C 1.98 2.40 13.03 2.40 5.66 
 









Table B.9 Geochemical rations and carpenter function for the WIP 
 





Groening # 1 2B 271 145 97 901 
Fernback J #1 2B 211 155 -73 884 
Cooley #4 2B 459 293 116 NA  
Cooley #1 2B 1,184 859 -12 NA  
Shear "A" 2B 650 408 60  NA 
Von Lintel #2 2B 543 349 131 NA  
Miller #4 2B 558 306 79 NA  
UPRC 1-35 2B 2,352 1,891 -108 NA  
Kriley E2 2C 349 172 92 700 
George West 2C 383 200 159 829 
Schmalzried 2C 290 140 85 355 
Wiltrout #1 2C 945 628 93  NA 
Warren #1 2C 1,158 787 117 NA  
Holley #201 2C 3,420 2,522 34  NA 
Ray "A" #4 2C 1,257 867 92  NA 
Ray "A" #4* 2C  NA  NA 95  NA 
Hart # 1 LSE 3B 324 163 227 962 
Roland Ratzloff #1 3B 363 170 164 895 
Kulhmeier #1 3B 339 172 204 867 
Morrison #1 3B 347 156 251 794 
Van Meter # 1 3B 348 161 245 911 
Orland Unrue #2 3B 277 142 248 835 
Regier # 1 (A) 3C 260 125 765 608 
Kriley G2 3C 372 161 413 983 
Boles F - 1 3C 283 134 547 451 
Franze E-1 3C 289 142 598 874 
James O'Dea A-1 3C 292 132 532 541 
Charles 1-12 3C 273 126 713 906 
Hanke A-1 3C 273 127 718 752 
USA No. AD-2 3C 275 121 926 390 
Mowrey W.H. #1 3C 285 146 423 1197 
Rathjen #1 3C 333 182 235 1216 











Table B.10 Location, formation and age for the GP and blank and replicate data 
 
Well name Group County/State Formation Age 
Ben #1 GP1 Washington Co., CO J Sand GP/CRE 
Well 5 Ranger Fed GP1 Lane Co., KS Dakota GP/CRE 
Well 3 Poky Fed GP1 Scott Co., KS Dakota GP/CRE 
Dakota # 2 Sunflower GP1 Finney Co., KS Dakota GP/CRE 
Charvie Well GP1 Banner Co., NE 
Transitional 
Pierre GP/CRE 
Shanaman #2 GP1 Scotts Bluff, NE Massive J GP/CRE 
Artesian Hall GP1 Morril Co., NE Chadron GP/TER(OLIG)
Leoti #13 GP1 Wichita, KS Dakota GP/CRE 
Dakota #2-Hays GP1 Ellis Co., KS Dakota GP/CRE 
MNJSU #6 GP1 Logan Co., CO J Sand GP/CRE 
Hart #1 GP2 Morril Co., NE J Sand GP/CRE 
Graf #1 GP2 Cheyenne Co., NE J Sand GP/CRE 
Day #1 GP2 Cheyenne Co., NE D Sand GP/CRE 
UPRR 1-1 GP2 Cheyenne Co., CO Dakota GP/CRE 
Lowe #3 GP2 Cheyenne Co., CO Dakota GP/CRE 
Perot 7-1 GP2 Cheyenne Wells, CO Dakota GP/CRE 
Schwake "A" #2 GP2 Logan Co., CO J Sand GP/CRE 
Blank @ Regier NA  Harvey, KS NA  NA  
Blank @ USA    NA Morton, Ks  NA  NA  
Blank @ OK NA  Texas, Ok NA  NA  
Blank @ lab NA   NA NA NA 
Blank @ Ben #1 NA  Washington Co., CO NA  NA  
Blank @ Graf #1 NA  Cheyenne Co., NE NA  NA  
Blank @ Straily NA  Ellis, Ks NA  NA  
Dakota #2 Hays 
(replicate) GP1 Ellis Co, KS Dakota GP/CRE 






























































Well name Group Well depth pH T C Eh 
Conductivity 
ms/cm 
Ben #1 GP1  NA 7.95 28.3000 -53 29 
Well 5 Ranger Fed GP1 283 7.57 21.4 -63 2.03 
Well 3 Poky Fed GP1 NA  7.36 40.1 -334 74.46 
Dakota # 2 
Sunflower GP1 226 7.24 21.8 31 15.3 
Charvie Well GP1  NA 8.5 21.4 -63 2.03 
Shanaman #2 GP1  NA 7.96 40.1 -334 74.46 
Artesian Hall GP1 15 7.94 21.8 31 15.3 
Leoti #13 GP1  NA 8.57 24 -111 1.71 
Dakota #2-Hays GP1 792 8 24.8 -51 3.9 
MNJSU #6 GP1  NA 8.24 38.5 -249 40 
Hart #1 GP2 1,219 6.75 31.1 -118 159.9 
Graf #1 GP2  NA 6.97 39 -189 113.2 
Day #1 GP2  NA 8.06 36.1 -346 127.3 
UPRR 1-1 GP2  NA 6.83 30.3 -150 37 
Lowe #3 GP2  NA 6.69 36.5 -267 44.5 
Perot 7-1 GP2 320 7.51 36.1 -266 19 
Schwake "A" #2 GP2 NA   7.71 35.80 -323 15.85 
Blank @ Regier NA   NA  NA   NA   NA   NA   
Blank @ USA NA   NA   NA   NA   NA   NA   
Blank @ OK NA   NA   NA   NA   NA   NA   
Blank @ lab NA   NA  NA   NA   NA   NA   
Blank @ Ben #1 NA   NA   NA   NA   NA   NA   
Blank @ Graf #1 NA   NA   NA   NA  NA   NA   
Blank @ Straily NA  NA  NA  NA  NA  NA  
Dakota #2 Hays 
(replicate) GP1      
Rathjen #1 
(replicate) 3C      
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Well name Group TDS mg/l Cl mg/l 
SO B4 
Bmg/l Br mg/l NOB3 Bmg/l 
HCOB3 
Bmg/l 
Ben #1 GP1 2394 330 84 2 <0.005  1,220 
Well 5 Ranger Fed GP1 1238 227 10 2 <0.005   854 
Well 3 Poky Fed GP1 560 938 583 6  <0.005  2,330 
Dakota # 2 
Sunflower GP1 376 153 214 2 <0.005   366 
Charvie Well GP1 1593.444 227 10 2 <0.005   854 
Shanaman #2 GP1 5667.132 938 583 6 <0.005   2,330 
Artesian Hall GP1 1036.025 153 214 2 <0.005   366 
Leoti #13 GP1 1,240 64 413 1 3.74 365 
Dakota #2-Hays GP1 2,087 575 283 0 0.33 360 
MNJSU #6 GP1 2,982 560 85 5 <0.005   1,342 
Hart #1 GP2 129,843 73,631 2,561 27 <0.005   317 
Graf #1 GP2 82,329 45,290 3,300 8 <0.005   625 
Day #1 GP2 8,933 2,852 407 14 <0.005   2,513 
UPRR 1-1 GP2 23,912 12,269 1,844 8  <0.005  159 
Lowe #3 GP2 28,895 14,619 1,882 7 <0.005   195 
Perot 7-1 GP2 14,282 7,034 2,370 35 <0.005   253 
Schwake "A" #2 GP2 10,934 3,942 514 17 <0.005   2,440 
Blank @ Regier  NA -- <0.005  <0.005   <0.005 <0.005   <0.005  
Blank @ USA  NA 0 <0.005  <0.005   <0.005  <0.005  <0.005  
Blank @ OK  NA  0 <0.005   <0.005  <0.005 <0.005   <0.005  
Blank @ lab  NA   <0.005   <0.005  <0.005 <0.005   <0.02 
Blank @ Ben #1   NA   <0.005   <0.005  <0.005 <0.005   <0.02 
Blank @ Graf #1   NA   <0.005   <0.005  <0.005 <0.005   <0.02 
Blank @ Straily  NA  <0.005  <0.005  <0.005  <0.005  <0.02 
Dakota #2 Hays 




(3C)  149,284 1730 56 39.25  
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Table B.13 Geochemical data for the GP, blanks, and replicates 
 




mg/l Al mg/l Si mg/l 
Ben #1 GP1 0.36   737 0 0.03 17.07 
Well 5 Ranger Fed GP1 0.21   485 1 0.03 6.40 
Well 3 Poky Fed GP1 0.74   1,782 1 0.03 16.43 
Dakota # 2 
Sunflower GP1 0.13   277 3 0.03 5.74 
Charvie Well GP1 0.21   485 1 0.03 6.40 
Shanaman #2 GP1 0.74   1,782 1 0.03 16.43 
Artesian Hall GP1 0.13   277 3 0.03 5.74 
Leoti #13 GP1 0.10 0.91 380 3 0.01 4.02 
Dakota #2-Hays GP1 0.44   833 8 0.03 4.33 
MNJSU #6 GP1 0.48   969 0 0.03 20.15 
Hart #1 GP2 26.00   50,349 395 0.06 11.01 
Graf #1 GP2 17.50   31,832 235 0.09 9.01 
Day #1 GP2 2.03   3,098 1 0.03 19.74 
UPRR 1-1 GP2 12.70   8,282 143 0.06 15.46 
Lowe #3 GP2 18.53   10,407 183 0.06 15.62 
Perot 7-1 GP2 6.95 5.08 3,695 126 0.01 14.80 
Schwake "A" #2 GP2 3.11   3,932 2 0.03 21.98 
Blank @ Regier   0.00 0.00 0 0 0 0.02 
Blank @ USA   0.08 0.00 0 0 0 0.02 
Blank @ OK   0.00 0.00 0 0 0 0.02 
Blank @ lab     <0.1 <0.005 0 0   
Blank @ Ben #1     <0.1 <0.005 0 0   
Blank @ Graf #1     <0.1 <0.005 0 0   
Blank @ Straily   <0.1 <0.005 0 0  
Dakota #2 Hays 




















Table B.14 Geochemical data for the GP, blanks, and replicates 
 





Ben #1 GP1   5 0 0.01 0.01   
Well 5 Ranger Fed GP1   8 2 0.01 0.01   
Well 3 Poky Fed GP1   10 5 0.01 0.01   
Dakota # 2 
Sunflower GP1   7 10 0.01 0.01   
Charvie Well GP1   8 2 0.01 0.01   
Shanaman #2 GP1   10 5 0.01 0.01   
Artesian Hall GP1   7 10 0.01 0.01   
Leoti #13 GP1 0.01 5 6 0.25 0.02 0.01 
Dakota #2-Hays GP1   15 7 0.01 0.01   
MNJSU #6 GP1   5 0 0.01 0.01   
Hart #1 GP2   605 1,833 31.12 1.26   
Graf #1 GP2   270 713 0.50 0.15   
Day #1 GP2   35 3 0.01 0.15   
UPRR 1-1 GP2   260 900 0.10 0.10   
Lowe #3 GP2   370 1,167 0.10 0.10   
Perot 7-1 GP2 0.00 87 670 0.08 0.07 0.52 
Schwake "A" #2 GP2   65 13 0.01 0.01   
Blank @ Regier   0.08 0 0.1 0.00 0.00 0.00 
Blank @ USA   0.08 0 0.1 0.00 0.00 0.00 
Blank @ OK   0.09 0 0.09 0.00 0.00 0.00 
Blank @ lab   <0.1 <0.01 <0.005 <0.005   <0.005 
Blank @ Ben #1   <0.1 <0.01 <0.005 <0.005   <0.005 
Blank @ Graf #1   <0.1 <0.01 <0.005 <0.005   <0.005 
Blank @ Straily  <0.1 <0.01 <0.005 <0.005  <0.005 
Dakota #2 Hays 




















Table B.15 Geochemical and isotopic data for the GP, blanks, and replicates 
 
Well name Group Sr mg/l Ba mg/ Pb mg/ Charge Balance δ P
18
PΟ  δ D 
Ben #1 GP1 0.23 0.10 0.05 -2.71 -12 -94 
Well 5 Ranger Fed GP1 0.23 0.04 0.05 -2.55 -13 -96 
Well 3 Poky Fed GP1 0.94 0.05 0.05 -3.61 -10 -81 
Dakota # 2 
Sunflower GP1 0.36 0.01 0.05 -4.56 -13 -101 
Charvie Well GP1 0.23 0.04 0.05 -2.60 -13 -96 
Shanaman #2 GP1 0.94 0.05 0.05 -1.17 -10 -81 
Artesian Hall GP1 0.36 0.01 0.05 5.84 -13 -101 
Leoti #13 GP1 0.15 0.02 0.00 -3 -12 -84 
Dakota #2-Hays GP1 0.20 0.01 0.05 -8.5 -12 -92 
MNJSU #6 GP1 0.12 0.26 0.05 -4 -10 -85 
Hart #1 GP2 78 0.17 2.05 -4 -7 -68 
Graf #1 GP2 34 0.15 1.50 -3 -10 -89 
Day #1 GP2 0.50 0.09 0.05 -2 -5 -55 
UPRR 1-1 GP2 26 0.10 1.00 -5 -12 -90 
Lowe #3 GP2 36 0.10 1.00 -9 -10 -87 
Perot 7-1 GP2 20 0.83 0.00 9 -11 -83 
Schwake "A" #2 GP2 1 0.05 0.05 -4 -4 -57 
Blank @ Regier   0 0.00         
Blank @ USA   0 0.00         
Blank @ OK   0 0.00         
Blank @ lab   <0.005 <0.05 <0.005       
Blank @ Ben #1   <0.005 <0.05 <0.005       
Blank @ Graf #1   <0.005 <0.05 <0.005       
Blank @ Straily   <0.005 <0.05 <0.005    
Dakota #2 Hays 




















Table B.16 Strontium isotopic data and saturation indices for the GP,  
blanks, and replicates 
 









Ben #1 GP1 0.70774+-7 -1.20 -3.71 -4.36 
Well 5 Ranger 
Fed GP1 0.70887+-8 0.11 0.14 -1.88 
Well 3 Poky Fed GP1 0.70807+-9 -0.39 -0.71 -2.03 
Dakota # 2 
Sunflower GP1 0.70938+-6 -0.73 -0.94 -1.92 
Charvie Well GP1 0.70887+-9 0.04 0.12 -4.30 
Shanaman #2 GP1 0.70807+-7 0.25 0.14 -2.62 
Artesian Hall GP1 0.70938+-7 -0.14 -0.29 -2.21 
Leoti #13 GP1 0.708111+-8 0.16 0.31 -2.28 
Dakota #2-Hays GP1 0.70850+-7 -0.29 -0.16 -2.42 
MNJSU #6 GP1 0.70847+-7 -2.25 -4.28 -5.88 
Hart #1 GP2 0.70814+-9 0.53 0.94 -0.15 
Graf #1 GP2 0.70817+-9 0.65 1.38 -0.45 
Day #1 GP2 0.70870+-9 0.15 0.10 -3.03 
UPRR 1-1 GP2 0.73045+-8 -0.03 -0.42 -0.31 
Lowe #3 GP2 0.73189+-9 0.09 -0.15 -0.27 
Perot 7-1 GP2 0.72989+-8 0.83 1.37 -0.19 
Schwake "A" #2 GP2 0.70895+-8 0.16 0.05 -2.34 
Blank @ Regier           
Blank @ USA           
Blank @ OK           
Blank @ lab           
Blank @ Ben #1           
Blank @ Graf #1           


















Table B.17 Saturation indices for the GP 
 
















Ben #1 GP1 0.02 -0.32 6.15 -0.32 -0.14 
Well 5 Ranger Fed GP1 -0.28 -0.68 7.08 -0.68 0.87 
Well 3 Poky Fed GP1 -0.58 -1.21 6.93 -1.21 0.63 
Dakota # 2 
Sunflower GP1 -0.20 -1.42 7.00 -1.42 0.71 
Charvie Well GP1 -1.06 -0.90 5.12 -0.90 -0.67 
Shanaman #2 GP1 0.01 -0.95 4.46 -0.95 -1.11 
Artesian Hall GP1 -0.38 -1.07 6.04 -1.07 -0.08 
Leoti #13 GP1 0.02 -2.49 2.07 -2.49 -3.13 
Dakota #2-Hays GP1 -0.78 -1.37 5.31 -1.37 -0.74 
MNJSU #6 GP1 0.21 -0.88 4.14 -0.88 -1.61 
Hart #1 GP2 1.24 2.62 12.33 2.62 5.32 
Graf #1 GP2 0.83 0.96 9.64 0.96 2.92 
Day #1 GP2 0.07 0.08 5.60 0.08 -0.15 
UPRR 1-1 GP2 0.49 1.43 10.41 1.43 3.55 
Lowe #3 GP2 0.36 1.19 9.92 1.19 3.10 
Perot 7-1 GP2 0.49 -0.27 5.51 -0.27 -0.04 
Schwake "A" #2 GP2 -0.11 0.54 6.76 0.54 0.80 
Blank @ Regier             
Blank @ USA             
Blank @ OK             
Blank @ lab             
Blank @ Ben #1             
Blank @ Graf #1             




















Table B.18 Geochemical ratios and carpenter function for the GP 
 





Ben #1 GP1 220 491 -22   
Well 5 Ranger Fed GP1 1,827 2,429 -7   
Well 3 Poky Fed GP1 900 3,967 -4   
Dakota # 2 
Sunflower GP1 193 1,445 -2   
Charvie Well GP1 127 271 -14   
Shanaman #2 GP1 147 280 -50   
Artesian Hall GP1 84 152 -10   
Leoti #13 GP1 63 376 -14 828 
Dakota #2-Hays GP1 2,614 3,786 -11   
MNJSU #6 GP1 105 182 -24   
Hart #1 GP2 2,727 1,865 67   
Graf #1 GP2 5,661 3,979 -23   
Day #1 GP2 210 228 -49   
UPRR 1-1 GP2 1,461 986 16   
Lowe #3 GP2 2,215 1,577 32   
Perot 7-1 GP2 201 106 -9 167 
Schwake "A" #2 GP2 232 231 -50   
Blank @ Regier           
Blank @ USA           
Blank @ OK           
Blank @ lab           
Blank @ Ben #1           
Blank @ Graf #1           

















Table B.19 Oxygen, hydrogen, strontium isotope replicates for the WIP 
 











Boles F - 1 -2.73   -34.1 -34.1 0.715489+-8   
Charles 1-12 0.78   -26.1   0.708721+-9   
Cooley #1 -10.04   -77.14   .718209+-7   
Cooley #4 -8.3   -76.16   0.710261 +-8  
Fernback J #1 -9.13   -62   0.709085+-8 
0.709087+-
8
Franze E-1 0.76   -24.9   0.708981+-9  
George West -7.97 -7.99 -69.1   0.713031+-7  
Groening # 1 -10.92   -89.2 -88.7 0.711141+-8  
Hanke A-1 0.44   -21.1   0.709235+-8  
Hart # 1 LSE -4.13   -44.9   0.709207+-8 
0.709209+-
8
Holley #201 -7.22   -66.81   0.710953+-6  
James O'Dea A-1 -3.42   -36   0.716295+-9   
Kriley E2 -6.23   -66.7   0.713288+-8   
Kriley G2 -3.08   -45.4 -45.2 0.708785+-8   
Kulhmeier #1 -3.6   -42.3   0.709218+-8   
Miller #4 -8.45   -73.5       
Morrison #1 -6.99   -64.3 -63.7 0.710085+-9   
Mowrey W.H. #1 -0.69   -27.4   0.710022+-8   
Orland Unrue #2 -5.31   -55.6   0.709454+-8   
Rathjen #1 -1.93 -2.63 -29.3   0.710688+-7   
Ray "A" #4 -4.35   -56.49   
0.715709+-
12   
Regier # 1 (A) 1.40 1.32 -16.7   0.708604+-9   
Roland Ratzloff 
#1 -3.48   -41.6   0.709234+-7   
Schmalzried -8.31   -65.4   0.718604+-9   
Shear "A" -9.93   -79.2   0.724762+-7   
Straily -0.29 0.06 -36.9 -31.37
0.708978+-
10   
UPRC 1-35 -7.19   -83   0.708977+-9   
USA No. AD-2 0.71   -18.3 -20.1 0.711462+-8   
Van Meter # 1 -4.10 -4.10 -45.9   0.709015+-8   
Von Lintel #2 -8.65 -8.79 -77.3   0.720940+-9   
Warren #1 -4.51   -54   0.723720+-7   
Wiltrout #1 -4.46  -59.45 -61.06 0.715845+-7  
George West, Von Meter #1, and Von Meter #2 oxygen replicates were equilibrated for 24 hours.  
Rathjen #1, Regier #1A, and Straily oxygen replicates were equilibrated for 36 hours due to their 







Table B.20 Oxygen, hydrogen, strontium isotope replicates for the GP 
 























Artesian Hall -13.37     -100.7   0.709380+-7 
Ben #1 -12.01     -94.07   0.707747+-7 
Charvie Well -12.75     -95.6   0.708765+-9 
Dakota # 2 
Sunflower 
-
11.39     -88.4   0.709056+-6 
Dakota #2-Hays -11.83     -91.5   0.708504+-7 
Day #1 -4.63     -55.04   0.708701+-9 
Graf #1 -10.3     -89.21   0.708175+-9 
Hart #1 -6.65     -67.5   0.708139+-9 
Leoti #13 -11.75     -83.7   0.708111+-8 
Lowe #3 -11.40 -11.25   -87.37 -85.77 0.731891+-9 
MNJSU #6 -10.40 -10.67   -84.75   0.708467+-8 
Perot 7-1 -11.06 -11.08   -83.3   0.729884+-9 
Schwake "A" #2 -4.14     -56.97   0.708946+-8 
Shanaman #2 -10.31 -10.24 -10.26 -81.1 -83.61 0.708074+-7 
UPRR 1-1 -11.52     -89.8   0.730445+-8 
Well 3 Poky Fed -12.07     -94.1   0.708804+-9 
Well 5 Ranger Fed -11.68     -90.39   0.708758+-8 
City Well #33-Hays -7.9       -65 0.708614+-8 
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